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Chapter 1
Summary
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1. Summary
The uptake of anthropogenic carbon dioxide (CO2) by the world’s oceans has led to
pronounced perturbations of the marine carbonate system, which are collectively termed
Ocean Acidification (OA). The Southern Ocean (SO) contributes significantly to the
sequestration of anthropogenic CO2 via the physical and biological carbon pumps and is
furthermore especially prone to OA. On this account, the sensitivity of SO phytoplankton
towards OA has gained increasing attention in the recent years. Most studies investigated
OA effects in isolation, even though co-occurring changes in sea surface temperature and
stratification can strongly alter light and nutrient availabilities. The aim of this thesis was
therefore to investigate how key environmental factors for SO primary productivity influence
the manifestation of OA effects on phytoplankton physiology and ecology.
Effects of OA are typically investigated in pCO2 perturbation experiments, in which
carbonate chemistry is altered and monitored. Over-determination of the carbonate system
(i.e. the measurement of more than two parameters) revealed systematically occurring
inconsistencies between pCO2 values calculated from different pairs of input parameters. As
described in Publication I, these inconsistencies were found to be as high as 30%, having the
largest impact under OA scenarios. Since there is no general agreement on which pair of input
parameters is used, these discrepancies hamper the comparability and quantitative validity
of past and future OA studies. Until the reasons are found and abolished, it is suggested to
agree on one specific set of parameters (i.e. pH and total alkalinity) to increase comparability
between studies. These findings also emphasizes the need for high pCO2 standards.
Iron is one of the most important limiting factors for phytoplankton growth and
primary production in the SO. It could therefore be hypothesised that iron availability exerts
an influence on the manifestation of OA effects in this region. As presented in Publication II,
iron limitation drastically altered the responses of a natural phytoplankton assemblage to OA.
After iron enrichment, primary production increased with increasing pCO2 levels, whereas
OA had no influence on carbon fixation under iron limitation. Changes in productivity were
accompanied by pronounced functional shift in species composition. The results indicate that
under increased iron availability, OA could potentially lead to a stimulation of SO primary
production and strengthen the biological carbon pump. Over much of the SO, however, iron
limitation likely prevents ’CO2 fertilization’ effects.
Next to iron availability, also irradiance levels and dynamics are controlling the
development of SO phytoplankton blooms. Therefore, also a strong interaction between
light fields and increasing pCO2 levels can be expected. In Publication III, dynamic light was
found to strongly alter the effects of OA on the diatom Chaetoceros debilis. High pCO2 had
little effect on primary production under constant but a negative effect under dynamic light.
Results indicate a lowered capacity to sink excess energy, pssibly causedby a down-regulation
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of the carbon concentrating mechanisms under OA. Thus, consequences of high-light stress
were most pronounced in the light peaks of the dynamic light treatment under OA. The results
question the applicability of findings from OA studies conducted under constant irradiances to
varying light conditions in the oceans and furthermore emphasise the need for more complex
experimental setups.
In the natural environment not only light conditions are variable, phytoplankton
encounter simultaneous changes in several drivers and stressors. The aim of publication
IV was to understand how concurrent variability in iron, light and other factors controls SO
phytoplankton blooms. Therefore, two large-scale phytoplankton blooms in the Antarctic
Polar Frontal zone were compared with respect to phytoplankton standing stocks, primary
production, photosynthetic efficiencies and nutrient deficits. The blooms were mainly
controlled by interactions between iron and light limitation, as well as zooplankton grazing.
The results of this field study confirm the environmental importance of the two co-variables
investigated in Publication II and III.
In conclusion, there is no universal phytoplankton response to OA. More specifically,
the effects of OA will always be modulated by the respective set of environmental conditions
prevailing in the ecosystem of interest, which themselves may be subject to global change.
Similarly, the setup of CO2 perturbation experiments (e.g. with respect to light, nutrients,
temperature) will to some extent determine its results. The modulation of OA effects by
these variables can explain seemingly contradictory results from previous studies and helps
to increase our understanding of the underlying physiological mechanisms. Based on the
findings of this thesis, differential responses for the coastal and open ocean regimes of the
SO can be proposed. While climate change may enhance primary and export production in
coastal and shelf areas, iron limitation and highly dynamic light regimes could jointly reverse
the beneficial effects of elevated pCO2 levels in open ocean regions of the SO.
3
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1. Summary
Die Aufnahme von anthropogenem Kohlenstoffdioxid (CO2) durch die Ozeane fu¨hrt zu
ausgepra¨gten Vera¨nderungen in der Karbonatchemie des Meerwassers, dem Pha¨nomen der
sogenannten Ozeanversauerung. U¨ber die physikalische sowie biologische Kohlenstoffpumpe
nimmt das Su¨dpolarmeer einen signifikanten Anteil des anthropogenen CO2 auf und
ist zudem besonders anfa¨llig fu¨r Vera¨nderungen in der Karbonatchemie. Da die CO2-
Aufnahmekapazita¨t des Su¨dpolarmeeres wesentlich vom Phytoplankton beeinflusst wird,
ist dessen Reaktion auf Ozeanversauerung von besonderem Interesse. Obwohl der CO2-
Anstieg zu einer zunehmenden Erwa¨rmung und Stratifizierung der Meeresoberfla¨che fu¨hrt,
welche Vera¨nderungen in der Licht- und Na¨hrstoffverfu¨gbarkeit zur Folge haben, wurden
die Auswirkungen von Ozeanversauerung meist nur isoliert untersucht. Das Hauptziel der
vorliegenden Dissertation war es daher, den Einfluss der wichtigsten Umweltfaktoren im
Su¨dpolarmeer in Hinblick auf die Folgen von Ozeanversauerung fu¨r die Physiologie und
O¨kologie des Phytoplanktons im Su¨dpolarmeer zu untersuchen.
Die Folgen von Ozeanversauerung fu¨r marine Organismen werden u¨blicherweise in
pCO2-Manipulationsexperimenten untersucht, in denen die Karbonatchemie vera¨ndert und
u¨berwacht werden muss. Eine U¨berbestimmung des Karbonatsystems (d.h. das Messen von
mehr als 2 Parametern) deckte Abweichungen zwischen den von unterschiedlichen Parameter-
Paaren berechneten pCO2-Werten auf. Publikation I beschreibt systematische Abweichungen
von bis zu 30%, welche sich am sta¨rksten in den Zukunftszenarien von Ozeanversauerungsstu-
dien auswirken. Da bisher verschiedene Parameter-Kombinationen verwendet werden, stellen
die beschriebenen Diskrepanzen die Vergleichbarkeit von Ozeanversauerungsstudien und
deren quantitativen Ergebnisse in Frage. Diese Studie unterstreicht die Notwendigkeit eines
Karbonatchemie-Standards fu¨r hohe pCO2-Bereiche, welche zur Zeit nicht existieren.
Eisen ist einer der wichtigsten, ha¨ufig limitierenden Faktoren der Prima¨rproduktion
im Su¨dpolarmeer. Es wurde daher vermutet, dass unterschiedliche Eisenkonzentrationen
die Auswirkungen von Ozeanversauerung modulieren. Wie in Publikation II dargestellt,
fu¨hren unterschiedliche Eisenverfu¨gbarkeiten zu stark vera¨nderten Ozeanversauerungsef-
fekten in natu¨rlichen Phytoplanktongemeinschaften. Wa¨hrend Ozeanversauerung unter
erho¨hter Eisenverfu¨gbarkeit zu gesteigerten Prima¨rproduktionsraten fu¨hrte, blieben diese
unter Eisenlimitation bei ansteigendem pCO2-Gehalt konstant. Die hierdurch zu erwartenden
Auswirkungen auf die Exportproduktion wurden des Weiteren durch eine Verschiebung in der
Artzusammensetzung und einem vera¨nderten Silifizierungsgrad der dominierenden Diatomeen
versta¨rkt. Die Ergebnisse deuten an, dass sich erho¨hte pCO2-Gehalte unter ausreichenden
Eisenkonzentrationen positiv auf das Phytoplankton des Su¨dpolarmeeres auswirken ko¨nnten.
Im eisenlimitierten offenen Ozean ist das Potential fu¨r eine CO2-bedingte Steigerung in der
Prima¨rproduktion hingegen stark eingeschra¨nkt.
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Weiterhin wird das Wachstum vom Phytoplankton des Su¨dpolarmeeres auch von
im Mittel niedrigen, jedoch hoch dynamischen Lichtintensita¨ten begrenzt. In Publikation
III wurde gezeigt, dass auch zwischen den Auswirkungen von Ozeanversauerung und
dynamischen Lichtverha¨ltnissen eine Interaktion besteht. Wa¨hrend die Diatomee Chaetoceros
debilis unter konstanten Lichtbedingungen kaum auf erho¨hte pCO2-Werte reagierte, fu¨hrte
Ozeanversauerung unter dynamischem Licht zu einer drastischen Reduktion im Biomasseauf-
bau. Photophysiologische Untersuchungen deuten eine verringerte Energietransfer-Effizienz
von den Licht- zu den Dunkelreaktionen der Photosynthese unter dynamischem Licht und
Ozeanversauerung an. Diese ko¨nnte auf eine CO2-bedingte Regulation im Kohlenstofferwerb
und einer damit einhergehenden Kapazita¨tserniedrigung fu¨r die Ableitung u¨berschu¨ssiger
Energie in den Hochlichtphasen des dynamischen Lichtfeldes hindeuten. Diese Studie stellt
die U¨bertragbarkeit von Ozeanversauerungsexperimenten, die unter konstanten Lichtbedin-
gungen durchgefu¨hrt wurden, in Frage und unterstreichen die Notwendigkeit, zuku¨nftige
Experimente unter komplexeren Bedingungen durchzufu¨hren.
In ihrer natu¨rlichen Umgebung erfahren Phytoplanktonzellen nicht nur hoch-dynamische
Lichtbedingungen, vielmehr sind sie einer Vielzahl an unterschiedlichen und oft variablen
Einflussgro¨ssen und Stressfaktoren ausgesetzt. Um zu verstehen, wie sich gleichzeitige
Vera¨nderungen in diversen Umweltparametern auf das Phytoplankton des Su¨dpolarmeeres
auswirken, sind daher Felduntersuchungen unumga¨nglich. Publikation IV zeigt in diesem
Zusammenhang, dass sich Unterschiede in Biomasse, Prima¨rproduktion, Photosynthese-
Effizienz und Na¨hrstoffaufnahme von zwei Phytoplankton-Blu¨ten im Su¨dpolarmeer durch
die jeweils vorherrschenden Licht- und Eisenverfu¨gbarkeiten sowie das Vorkommen von
Fressfeinden erkla¨rt werden ko¨nnen. Des Weiteren besta¨tigen diese Ergebnisse, dass
mit Eisen- und Lichtverfu¨gbarkeit die wichtigsten Umweltvariablen des Su¨dpolarmeeres in
Publikation II und III untersucht wurden.
Von den Ergebnissen dieser Dissertation kann geschlussfolgert werden, dass es kein
allgemeingu¨ltiges Reaktionsmuster des Phytoplanktons auf Ozeanversauerung gibt. Vielmehr
werden die Folgen des Klimawandels von den jeweils vorherrschenden, sich ebenfalls im Wan-
del befindlichen Umweltbedingungen abha¨ngen. Ebenso werden die Rahmenbedingen von
Ozeanversauerungsexperimenten (z.B. Licht, Na¨hrstoffe, Temperatur) einen grossen Einfluss
auf deren Ergebnisse haben. Das Wissen um die Modulation von Ozeanversauerungseffekten
auf das Phytoplankton kann dabei helfen, widerspru¨chliche Messergebnisse zu erkla¨ren
und zugrundeliegende physiologischen Mechanismen zu entschlu¨sseln. In Hinblick auf das
Su¨dpolarmeer kann davon ausgegangen werden, dass sich der Klimawandel unterschiedlich
auf verschiedene Phytoplanktongemeinschaften auswirkt. Wa¨hrend Ozeanversauerung in
Ku¨stenna¨he zu erho¨hter Prima¨r- und Exportproduktion fu¨hren ko¨nnte, werden kombinierte
7
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Effekte von Eisenlimitation und stark dynamischen Lichtbedingungen im offenen Ozean einen
vermutlich entgegengesetzten Trend zur Folge haben.
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2. Introduction
Preface
Humankind is dependent on diverse marine ecosystem services such as food supply or coastal
protection (Peterson & Lubcheno 1997). For example, more than 150 million people live
within one metre of the high tide level (Rowley et al. 2007) and at least one billion people
directly depend on fish for food, while hundreds of millions depend on fishing for their
livelihood (Schorr 2004). The Millennium Ecosystem Assessment (2005) concluded that
the degradation and loss of marine ecosystem services affects especially poor and already
vulnerable people, hence being a significant barrier to the reduction of poverty. Essential
ecosystem services are seriously threatened by climate change (Rowley et al. 2007, Hoegh-
Guldberg & Bruno 2010). At the same time are oceans absorbing and storing heat and
anthropogenic carbon dioxide (CO2), thereby attenuating the effects of climate change but
also exerting strong feedbacks on global climate (Bindoff et al. 2007). The understanding of
climate change, its consequences for marine ecosystems and potential feedbacks on climate is
therefore one of the most urgent tasks of human society.
2.1 The global carbon cycle
2.1.1 Earth’s climate and it’s perturbation by anthropogenic CO2 emis-
sions
CO2 is the ultimate source of carbon for phototrophic production of organic matter, which
is required by all higher trophic levels. Furthermore, without greenhouse gases such as CO2
in the atmosphere, temperatures on Earth would be too low to support life as we know it
(Mitchell 1989).
Over geological timescales, the release of CO2 to the atmosphere, mainly by tectonic
activities, has been balanced by its uptake mainly due to weathering of silicate rocks (Kasting
et al. 1988). According to ice core data, atmospheric CO2 concentrations have been fairly
constrained over the past 800,000 years, during which CO2 partial pressure (pCO2) has been
oscillating between 170 µatm in glacial and 300 µatm in interglacial phases (Petit et al. 1999,
Lu¨thi et al. 2008; Figure 2.1 A). Since the industrial revolution, however, humankind has
significantly changed the Earth’s atmospheric composition, mainly by the release of CO2
from fossil fuels (Keeling 1973, Sundquist 1985; Figure 2.1 B). Until today, atmospheric
pCO2 levels increased to about 395 µatm (Keeling et al. 2013; http://keelingcurve.ucsd.edu)
and are expected to rise to 750 µatm (IPCC scenario IS92a, IPCC, 2007) or even beyond
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1000µatmbytheendofthiscentury(Raupachetal.2007). Theincreaseinatmospheric
CO2concentrationsleadstovariousphenomenasuchasglobalwarming,sealevelrise,ocean
acidification,aswelaschangesinwindandprecipitationpatterns,colectivelytermedclimate
change.
Theoceansplayakeyroleinthemanifestationofclimatechangeeffects.Firstly,they
takeupover80%oftheheataddedtotheclimatesystembytheanthropogenicgreenhouse
effect(Levitusetal.2005,Bindorffetal.2007). Asaresultalsotheoceansarewarming,
whichcanleadtoincreasedstratificationofthewatercolumn,withconcurrentdeclinesin
mixedlayerdepth(MLD)andupwelingofnutrientsintothewel-litsurfacemixedlayer
(Steinacheretal.2010). EventhoughatmosphericCO2levelsarenow40%higherthan
beforetheindustrialrevolution,theirriseismuchslowerthanexpectedfromtheemissions
ofanthropogenicCO2. Thisisthecase,becausealargefractionofithasbeenremoved
fromtheatmospherebytheothercomponentsoftheglobalcarboncycle(Canadeletal.
2007). Asthelargestsink,theoceanshavetakenupmorethan40%oftheanthropogenic
CO2fromtheatmospheresofar(Khatiwalaetal.2009). Thisadditionofatleast140Pg
carbon(Khatiwalaetal.2009)hasledtosignificantperturbationsofthemarinecarbonate
system(Figure2.2),whicharecolectivelycaledOceanAcidification(OA;Broeker&Clark
2002,Caldeira&Wickett2003).Sincetheonsetoftheindustrialrevolutionthemeansurface
pHhasalreadydroppedbyabout0.1pHunits.Untiltheendofthiscentury,surfacepHis
expectedtodecreasebyadditional0.3units,whichwouldrepresentanincreaseinacidityby
150%(Feelyetal.2009).
Figure2.1: - AtmosphericpCO2 levelsoverthepast800.000years(A)andsincethe
onsetoftheindustrialrevolution(B)asreconstructedfromicecores(L¨uthietal.2008)and
fromatmosphericmeasurements(Keelingetal. 2013). ModifiedafterKeelingetal.(2013;
http://keelingcurve.ucsd.edu/).
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2.1.2 Marinecarbonatechemistry
Theocean’scapacitytotakeupandstoreenormousamountsofCO2iscausedbythe
dissociationofCO2intoseveralformsofinorganiccarbon(Ci)aswelasbythehighCO2-
bufferingcapacityofseawater(Zeebe& Wolf-Gladrow2001).CO2entersthesurfaceocean
viaequilibrationwiththeatmosphere.AccordingtoHenry’slaw,theconcentrationsofCO2
inseawaterrelativetothoseoftheatmospheredependonthesolubilitycoefficientofCO2
(K0)atacertaintemperatureandsalinity(Weiss1974):
[CO2](aq)=K0(T,S)×pCO2 (2.1)
Inseawater, CO2isnotonlypresentinitsdissolvedform(CO2(aq)),butalsoreacts
withwater(H2O)toformcarbonicacid(H2CO3),whichalmostimmediatelydissociates
tobicarbonate(HCO3−)underthereleaseofprotons(H+).HCO3−andH+arealsoformed
fromthereactionofCO2withcarbonateions(CO32−)presentinseawater. Alcarbonate
speciesarerelatedtoeachotherbythefolowingequilibria:
CO2(aq)+H2O H2CO3K1HCO−3+H+
K2CO2−3 +2H+ (2.2)
whereK1andK2arethefirstandseconddissociationconstantsofcarbonicacid,respectively.
AsthedissolutionofCO2leadstotheformationofH+ ions,italsocausesadecreasein
seawaterpH.ThesereactionsbetweenCO2andwateralsocontroltheequilibriumbetween
thedifferentcomponentsofthecarbonatesystem,astheconcomitantchangesinspeciation
arelinkedtothepHthroughthepKvaluesofthedissociationconstants(Figure2.3).
Figure2.2: -Projectedchangesinmarineseawaterchemistryinresponsetoincreaseduptakeof
anthropogenicCO2bytheworldsoceans.Calculationsarebasedona’businessasusual’scenario
forCO2emissions(IPCC1995). Modifiedafter Wolf-Gladrowetal.(1999).).
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Theexactknowledgeoftemperature,salinity,pressureandtwoparametersofthe
carbonatesystemalowscalculatingtheconcentrationsofalothercomponentswiththehelp
ofthedissociationconstantsofcarbonicacid.Thetwomostcommonlymeasuredcarbonate
chemistryparametersarethesumofalinorganiccarbonspecies(CO2(aq),H2CO3,HCO3−
andCO32−),colectivelytermeddissolvedinorganiccarbon(DIC),andthetotalalkalinity
(TA).AccordingtoDickson(1981),TAisdefinedastheexcessofprotonacceptors(bases
formedfromweakacidswithapK≤4.5)overprotondonors(acidswithapK>4.5):
TA=[HCO−3]+2[CO2−3 ]+[B(OH)−4]+[OH−]+[HPO2−4 ]+2[PO3−4 ]
+[H3SiO−4]+[NH3]+[H+]F−[HSO−4]−[HF]−[H3PO4]
(2.3)
Asaconservativeparameter,TAisnotaffectedbychangesintemperatureorpressure,nor
doesitchangeduetoin-oroutgassingofCO2.Biologicalactivity,however,cangreatlyalter
TA.Forexample,theprecipitationofcalciumcarbonate(CaCO3)reducesTAbytwounits
perunitDIC(Eq.2.3,Figure2.4).Butalsotheremovalofnitrate,whichdoesnotshowup
inthetraditionalalkalinityexpression(Eq.3),hasaneffectonTA.Inordertounderstand
suchchangesinTA,anexpressioninwhichalcomponentsareconservative,wasdeveloped
by Wolf-Gladrowetal.(2007):
TAec=[Na+]+2[Mg2+]+2[Ca2+]+[K+]+2[Sr2+]+..−[Cl−]−[Br−]
−[NO−3]−..+TPO4+TNH3−2TSO4−THF−THNO2
(2.4)
whereTPO4=[H3PO4]+[H2PO4−]+[HPO42−]+[PO43−],TNH3=[NH3]+[NH4+],
TSO4=[SO42−]+[HSO4−],THF=[F−]+[HF],andTHNO2=[NO2−]+[HNO2]are
Figure2.3: -Bjerrumplotshowingtherelativecontributionsofthedifferentspeciesofthe
marinecarbonatesystemasafunctionofpHatagivenDICconcentrations(2100µmolkg1−),
temperature(25◦C)andsalinity(35).pK1andpK2arethepKvaluesofthefirstandsecond
dissociationconstantsofcarbonicacid. ModifiedafterZeebe& Wolf-Gladrow(2001).
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totalphosphate,ammonia,sulphate,fluoride,andnitrite,respectively. Withthehelpofthe
explicitconservativeexpressionofTA(Eq.2.4),theinfluenceofbiologicalprocessessuch
asbiomassproductionorremineralisationonthemarinecarbonatesystemcanbeexplained
easily(Wolf-Gladrowetal.2007).Forexample,itcanbeseenthattheassimilationofone
unitnitratewilincreaseTAbyoneunit,whiletheassimilationofoneunitammoniawil
decreaseTAbythesameamount.TheuptakeofDICbymarinephotoautotrophshasnonet
effectonTA(Figure2.4).
2.1.3 Theocean’scarbonpumps
Organismslivingintheocean’ssurfacecannotonlyleadtochangesinthecarbonatesystem
oftheirimmediatesurroundings,theycanalsocolectivelyinfluenceatmosphericpCO2levels
byrisingordecreasingthepCO2levelsofthesurfacewaters. Thebiologicalcarbonpump
isoperatedbythesinkingofparticulatecarbonfromtheeuphoticzonetogreaterdepth.
Afterremineralisationanddissolution,thiscarbonisstoredinthedeepocean,sothata
concentrationgradientwithdepthisestablished(Volk&Hoffert1985,Heinze& Maier-
Reimer1991;Figure2.5). Thebiologicalcarbonpumpconsistsoftwocomponents: The
soft-tissuepumptransportscarbon,whichhasbeenincorporatedintoorganicmaterial,to
depth.Ascarbonisremovedfromthesurface,seawaterre-equilibrateswiththeatmosphere
bytheuptakeofCO2.Thecarbonate(counter)pumpcanleadtoaneteffluxofCO2from
theoceantotheatmosphere,asthebiologicaly-mediatedprecipitationofCaCO3lowersthe
Figure2.4: -EffectsofvariousbioticandabioticprocessesonDICandTAofseawater.
Modifiedafter Wolf-Gladrowetal.(1999).
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alkalinitybytheremovalofcalciumions. ThesubsequentdownwardtransportofCaCO3
contributestothedepth-gradientofinorganiccarbonandalkalinity.
Inadditiontothebiologicalpumps,alsoaphysicalcarbonpumpexists. Theso-
caledsolubilitypumpisdrivenbythedifferentCO2solubilityinwarmandcoldwaterin
combinationwithdeepwaterformationwhencoldCO2-richwaterfromthesurfacesinksto
greaterdepth(Volk&Hoffert1985). Thestrengthofthispumpdependsontheintensity
oftheoverturningcirculation(Broeker&Peng1992,Sarmiento&Bender1994,Marshal &
Speer2012).
Asthesoft-tissuepumpisdrivenbytheproductionofbiomassbyorganisms,itis
notonlytransportingcarbon,butalsootherelementssuchasnitrogenandphosphorus.
Hence,thebiologicalpump(Longhurst&Harrison1989, DeLaRocha&Passow2007)
establishesconcentrationgradientsofcarbonaswelasothernutrients. Asthedownward
transportoforganicmattercanleadtoasurfacedepletioninnitrateorphosphate(that
unlikecarbon,cannotberesuppliedbyequilibrationwiththeatmosphere),productionof
organicmatteranditsexportviathebiologicalpumpneedtobebalancedbythesupply
ofnewnutrients,typicalyfromwatermassesbelow(Eppley&Peterson1979). Primary
productionbasedonthesenewnutrients(i.e.newproduction)setsanupperlimittoexport
Figure2.5: -Simplifiedilustrationoftheoceanscarbonpumpscomprisingthebiologicaly
mediatedsoft-tissueandcarbonate(counter)pumpsaswelthephysicalydrivensolubilitypump
andtheireffectsonatmosphericCO2concentrations. ModifiedafterHeinze& Maier-Reimer
(1991).
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production, even though total production also includes biomass build-up based on nutrients
that are recycled within the surface ocean (i.e. recycled production; Dugdale & Goering 1967).
The strength of the biological pump and its potential to sequester anthropogenic carbon is
therefore determined by the surface concentrations of nutrients, the degree to which these
nutrients are consumed, as well as the ratio of carbon to these nutrients in the organic
matter that sinks to greater depths (Sigman et al. 2010). The latter is strongly affected
by grazing and aggregation (De La Rocha & Passow 2007). Under current conditions, the
biological carbon pumps account for about one third of the sequestration of carbon into the
deep oceans (Falkowski et al. 1998).
2.2 Marine primary producers
2.2.1 Diatoms and other phytoplankton − small but mighty
The organisms that are responsible for the largest fraction of marine primary production, i.e.
the main drivers behind the biological pumps, are microscopic photoautotrophs. The term
phytoplankton (greek: ’phyton’ = ’plant’ and ’plankton’ = ’wanderer’) describes all unicellular
aquatic organisms that utilize sunlight to turn inorganic nutrients into organic matter, and
that are too small or immobile to actively resist the movement of ocean currents. Generally,
phytoplankton provide three important ’services’ to their environment: Firstly, due to the
conversion of inorganic to organic matter they represent the base of aquatic food webs, which
also include the world’s fisheries (Lindeman 1942, Field et al. 1998). In fact, global oceanic
net primary production is as high as 45-50 Pg carbon per year, and most of it is mediated
by phytoplankton. Secondly, the production of oxygen during aquatic photosynthesis does
not only provide half of the oxygen we breathe today (Field et al. 1998), it also led to the
initial oxygenation of Earth’s atmosphere 2.3 billion years ago (Bekker et al. 2004). Finally,
phytoplankton biomass, mostly in converted forms such as aggregates or zooplankton fecal
pellets, is transported to the deep ocean by the soft-tissue pump described above (Volk &
Hoffert 1985).
Even though all phytoplankton possess these basal characteristics, the term actually
describes a highly diverse group that comprises at least 25,000 different species (Falkowski &
Raven 1997, Falkowski et al. 2004). One of the most common as well as diverse phytoplankton
taxa is that of the diatoms (Bacillariophyceae; Figure 2.6), which are characterised by their
silica frustules (Falkowski et al. 2004). Diatoms first evolved about 190-250 million years
ago (Sims et al. 2004; Sorhannus 2007) and became a dominant phytoplankton group about
35 million years ago (Katz et al. 2004). Today, diatoms account for about 40% of the
ocean’s primary production and are the main players in the biogeochemical cycles of carbon,
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nitrogen,phosphorus,siliconandiron(Nelsonetal.1995,Buessler1998,Sartouetal.2005).
Thecompetitivesuccessofdiatomsoverotherphytoplanktongroupshasbeenattributed
totheirhighintrinsicgrowthratesundernutrient-repleteconditions(Sartouetal.2005),
photoacclimationand-protectioncapacities(Lavaud2007)aswelasquantum-to-biomass
conversionefficiencies(Wagneretal.2006).
2.2.2 Phytoplanktonphotosynthesisanditslimitation
Primaryproduction,i.e.thebuild-upoforganic matter,isdependentonthesuccessful
realizationofvariousphysiologicalprocesses(Figure2.7). Unfavourableenvironmental
conditions(e.g. lowirradiancesornutrientconcentrations)canimpairphytoplankton
productivitybyinterruptinganyoftheseprocesses. Toassesstheresponsestostressors,
phytoplanktonresearchersoftenfocusonmeasurementsthatintegrateoveralphysiological
levels(e.g.growthrate,productionofparticulateorganiccarbon(POC))aswelasspecific
levelsofphotosynthesis(e.g.electrontransport,O2evolution,carbonuptake).
Duringthelightreactionsofphotosynthesis,solarenergyistransformedintochemical
energy. Duringthelinearelectrontransport(LET)throughthephotosystems,carriersof
energyandreductivepower(ATPandNADPH)areproducedina1:1ratio. Alarge
Figure2.6: -LightmicroscopicpicturesofdifferentdiatomspeciesfromtheSO:Chaetoceros
debilis(A;C. Hoppe),Rhizosolenia sp. (B;C. Hoppe), mixedcommunitydominatedby
Pseudo-nitzschiaturgiduloidesandFragilariospsiscylindrus(C;S.Trimborn),andFragilariopsis
kergulensis(D;C.Hoppe).
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proportionofthesecarriersisusedforthetransformationofinorganictoorganiccarbon
inthedarkreactionsoftheCalvincycle(Ravenetal.2005):
3CO2+6NADPH+9ATP+5H2O→C3H7O6P+6NADP++9ADP+8Pi+3H+ (2.5)
AstheCalvincycleconsumesNADPHandATPina2:3ratio, ATPalsoneedstobe
generatedfromothersourcesthantheLET.OneimportantadditionalsourceofATPis
cyclicelectrontransportwithinthephotosyntheticapparatus(Asada2000,Ravenetal.
2005). Suchalternativeelectronpathwaysarealsousedtoovercomevaryingdemandsof
NADPHandATPasthey maybeimposedbydifferentenvironmentalstressors(Prasil
etal. 1996,Asada1999, Wagneretal. 2006,Behrenfeld& Miligan2013). Duringthe
darkreactionsofphotosynthesis,thecarboxylationiscatalysedbytheenzymeRibulose-1,5-
bisphosphatecarboxylase/oxygenase(RubisCO).RubisCOhasapooraffinitytoitssubstrate
CO2,withahigherKM (20-70µmolL−1)thanthecurrentconcentrationsofdissolvedCO2in
seawater(8-20µmolL−1;Badgeretal.1998).Toovercomesubstrate-limitationofRubisCO,
phytoplanktonemployso-caledcarbonconcentratingmechanisms(CCMs)thatincreasethe
concentrationofCO2attheenzyme’scatalyticsite,andalsoactagainstCO2leakageoutof
thecels(Ravenetal.2008,Reinfelder2011).
EventhoughthelargestshareofATPandNADPHisneededforthefixationofcarbon,
asubstantialpartisconsumedinotherprocessessuchastheuptakeandassimilationof
nutrientsaswelastheperformanceoftheCCM.Changesinlightharvestingneedtobe
Figure2.7: -Simplifiedilustrationofthephysiologicalkeyprocessesdeterminingbiomass
build-upbyphytoplanktoncels. Processesincludelightanddarkreactionsofphotosynthesis,
carbonconcentrationmechanisms,mitochondrialrespiration,nutrientuptakeandassimilation,
pHhomeostasisandmaintenanceofprotongradients.
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balanced by the sum of all downstream metabolic processes. The short-term evolution of O2
and production of photosynthates (seconds to hours), however, does not directly translate
into biomass build-up or growth on longer time scales (hours to days). In between these
very different levels of observations, a number of energy consuming processes (e.g. protein
biosynthesis, cell division, production of storage compounds) as well as complex cascades of
sensing, signalling and regulation take place (Wilson et al. 2006, Behrenfeld et al. 2008). The
investigation of processes on the subcellular level helps to thoroughly understand why certain
responses are observed on the cellular level, and how they could be altered by differential
environmental forcing.
2.2.3 Ocean Acidification effects on phytoplankton
In view of the increased uptake of anthropogenic carbon by the oceans, also the limitation of
photosynthesis by its substrate CO2 has gained increasing attention in the past two decades
(Riebesell et al. 1993, Badger et al. 1998, Rost et al. 2003). Already in some early work,
a potential for ’CO2 fertilisation’ of marine primary production was proposed (Riebesell et
al. 1993). It was shown that an increase in seawater concentrations of dissolved CO2, i.e.
Ocean Carbonation, could directly increase the carboxylation reaction of RubisCO or reduce
the costs of carbon acquisition (e.g. Burkhardt et al. 2001, Rost et al. 2003, Trimborn et al.
2009). For instance, cyanobacteria were shown to reduce their investment into CCMs under
OA and thereby save significant amounts of energy, which then could be allocated to other
processes (Kranz et al. 2009, Kranz et al. 2010). In fact, photosynthesis and growth rates
of many investigated diatom and cyanobacteria species were found to be enhanced under
pCO2 levels expected for the end of this century (e.g. Riebesell et al. 1993, Rost et al. 2006,
Burkhardt et al. 1999, Levitan et al. 2007, Wu et al. 2010, Kranz et al. 2010). Furthermore,
species-specific differences in carbon acquisition are likely to affect the competitive success of
species. OA therefore has the potential to affect overall productivity as well as composition
of natural phytoplankton assemblages (Tortell 2000, Beardall & Giordano 2002), as seen in
the Equatorial Pacific and the Southern Ocean (Tortell et al. 2002, Tortell et al. 2008a). For
the intensively studied group of coccolithophores, however, contradictory results on growth
and photosynthesis under OA have been published (e.g. Riebesell et al. 2000, Rost et al.
2002, Sciandra et al. 2003, Iglesias-Rodriguez et al. 2008, Langer et al. 2009, Hoppe et al.
2011). Similar to other calcifying organisms, also calcification in coccolithophores has been
shown to be particularly sensitive to increased pCO2 levels, i.e. the majority of the studies
showed declining calcification rates and PIC:POC ratios (e.g. Riebesell et al. 2000, Langer
et al. 2006, Langer et al. 2009, Hoppe et al. 2011). The decline in calcification is most likely
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causedbyanotheraspectofcarbonatechemistryperturbation,namelythedeclineinpH(i.e.
OceanAcidificationinitsliteralsense;Rost&Riebesel2004).
2.2.4 BeyondOceanAcidificationresearch−Multiplestressors
MostOAexperimentshaveexaminedCO2effectsalone,eventhoughthisphenomenondoes
notoccurinisolation.Otherenvironmentalparameterssuchastemperature,nutrientinput
andlightavailabilityareconcomitantlychanging(Rostetal.2008,Steinacheretal.2010;
Figure2.8). MultipledriversandstressorswilinfluencetheeffectsofOAonphytoplankton,
bothdirectlyandindirectly(Rostetal.2008,Boydetal.2010).Theeffectsofthesesingle
environmentaldriversoftendonotsimplyaddupbutinteractinmorecomplexways,i.e.
theyantagonisticalydiminishorsynergisticalyamplifytheeffectsofeachother(Foltet
al. 1999,Saitoetal. 2008). Forexample,increasingtemperatureandpCO2havebeen
showntosynergisticalyenhancephotosynthesisofacoccolithophore(Fengetal.2008)and
todifferentialyalterspeciescompositionofnaturalphytoplanktoncommunities(Hareetal.
2007).Furthermore,OAeffectsareoftenmorepronouncedunderlowcomparedtohighlight
(Kranzetal.2010),hintingtowardstheimportanceofenergizationforthemanifestationof
OAeffects. Anassessmentofmultipledriversandstressorscontrolingprimaryproduction
ismostessentialforthoseregionsthatarepivotalforglobalbiogeochemicalcycles.
Figure2.8: -Simplifiedilustrationoftheprojectedimpactofincreasedsurfacetemperatures
onseawaterstratification,MLD,lightintensitiesandnutrientinputuntiltheendofthecentury.
ModifiedafterRost&Riebesel(2004).
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2.3 TheSouthernOcean
2.3.1 Overturningcirculationandoceancarbonstorage
TheSouthern Ocean(SO)isoneoftheregionsthat moststronglycontributetothe
sequestrationofanthropogeniccarbon(Gruberetal.2009).ItextendsfromtheSouthern
Subtropicalfront(approx.40◦S)totheAntarcticcontinent.Itcontainsthelargestcurrentof
theworld’soceans,theAntarcticCircumpolarCurrent(ACC),whichtransportswateraround
theAntarcticcontinentatarateofabout150Sverdrup(150×106m3s−1;Rintoul&Sokolov
2001).TheSOisacentralconnectionbetweentheAtlantic,PacificandIndianOceanbasins,
aswelasbetweenthesurfaceanddeepwatersintheglobaloverturningcirculation(Figure
2.9; Macdonald& Wunsch1996,Schmitzetal.1996). Thelatterconnectionismediated
throughwind-inducedupwelingofsouthwards-flowingdeepwatermassestowardstheSO’s
surface(Marshal &Speer2012).Subsequentcoolingleadstotheformationofbottomwater
alongtheAntarcticcontinentandintermediatewaternorthoftheACC,removingcarbon
fromtheoceanssurfacebythesolubilitypumpandstoringitontimescalesofdecadesto
hundredsofyears(Broeker&Peng1992;Figure2.5). Atthesametime,theoverturning
circulationalsoleadstotheupwelingof’old’DIC-andnutrient-richwatermasses.
Overgeologicaltimescales,changesinthebiologicalandphysicalcarbonpumpsas
Figure2.9: -SimplifiedilustrationoftheroleoftheSouthernOceanfortheglobalocean
circulationsystemandthepathwaysofthedifferentwatermasses.AdoptedfromSchmitzetal.
(1996).
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well as the changes in ice coverage and its effect on stemming CO2 efflux to the atmosphere
have drastically influenced global climate and are held at least partly responsible for the
glacial-interglacial dynamics (Sigman et al. 2010).
Today, the SO contributes 20-40% to the oceanic uptake of anthropogenic CO2, a large
fraction of which is mediated by phytoplankton primary and export production (Takahashi et
al. 2002, Sabine et al. 2004, Khatiwala et al. 2009, Gruber et al. 2009). The future strength
of carbon sequestration in the SO is under debate: With respect to the solubility pump,
some model estimates predict reduced CO2 sequestration due to changes in wind patterns
(LeQue´re´ et al. 2007), while other models forecast a unaltered or even strengthened CO2 sink
caused by the increased pCO2 gradient between atmosphere and surface ocean (Bo¨ning et
al. 2008, LeQue´re´ et al. 2008, Zickfeld et al. 2008). Furthermore, also the future fate of the
biological carbon pumps themselves is uncertain (Rost et al. 2008). It is clear, however, that
due to the large proportion of unused nitrate and phosphate in the surface waters, primary
as well as export production in the SO are currently far below their potential (Falkowski et
al. 1998).
2.3.2 The world’s largest high-nutrient low-chlorophyll region
The fact that the SO acts as a net source of CO2 for the atmosphere, is partly due to the
inability of the phytoplankton to transform the carbon and nutrients into biomass (Sigman et
al. 2010). This incomplete exploitation of the SO’s potential for new and export production,
has been called the Antarctic paradox (Gran 1931). This term describes the fact that SO
standing stocks and productivity of phytoplankton are quite low despite high insolation
rates in summer and non-limiting concentrations of nitrate, phosphate and silicate in most
parts of the open SO (Gran 1931, Nelson et al. 1989). These characteristics are nicely
summarized by the term high-nutrient low-chlorophyll (HNLC; de Baar et al. 1994). The
apparent mismatch between potential and actual productivity was first theoretically, then
experimentally attributed to the limiting concentrations of trace metals in SO surface waters,
especially with respect to iron (Hart 1934, Martin 1990, Martin et al. 1990).
Iron (Fe) is the fourth most abundant element in the Earth’s crust (Wedepohl 1995).
In today’s oceans, however, it is often limiting phytoplankton growth because its solubility
depends on the redox status: While reduced iron (ferrous FeII) is highly soluble in seawater,
the oxidised (ferric FeIII) form is nearly insoluble (Cooper 1937). When photosynthetic
organisms evolved, the anoxic oceans contained high concentrations of dissolved iron (approx.
25 mM; Holland 1984). Due to the oxygenation of oceans by photosynthesis, iron got
progressively oxidised. Today, its concentrations rarely exceed the nanomolar range (Johnson
et al. 1997). Besides the difficulties of measuring iron in these low concentrations, a thorough
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understandingofironbiogeochemistryishinderedbytheextremelycomplexandhighly
dynamicinterplaybetweenironchemistryandbiology(Yeetal.2009,Hassleretal.2011;
Figure2.10). Thedistributionofdissolvedironreflectsalargerangeofprocessessuchas
inputfromvarioussources,chemicalandphysicalspeciation,organiccomplexation,biological
uptake,particlescavenging,aswelasrecycling,exportandremineralization(Johnsonetal.
1997,Boyd&Elwood2010).IntheSO,ironsourcesincluderesuspensionofcoastaland
shalowsediments,dustdeposition,meltingsea-iceandicebergs,hydrothermalactivity,island
wakes,verticaldiffusiveflux,andtheinteractionbetweenthebathymetryandcurrents(Boyd
&Elwood2010).Surfaceconcentrationsofdissolvedironinthatregionrangefrom0.03to
0.65nM(onaverage0.16nM;Boyeetal.2001,Boyeetal.2010).
Owingtoitscentralroleincelularredoxreactionsandtheconsequencesfor
biosynthesis,ironlimitationleadstodiminishedbiomassbuild-upbyphytoplankton(Geider
&LaRoche1994,Hutchins&Bruland1998,Ravenetal.1999).Regardingphotophysiology,
forexample,ironlimitationcausesstrongchangesinthephotosyntheticcapacitiesdueto
alteredarchitectureofthephotosyntheticapparatus,interruptedelectrontransportchains,
andloweredphotosyntheticenergytransferefficienciesaswelasmaximumchlorophyla-
specificratesofphotosynthesis(Greeneetal. 1991, McKayetal. 1999). Asironis
theelectroncarrierinnitrateandnitritereductases,alsonitrateassimilationisimpaired
underironlimitation. Undertheseconditions,theusageofrecyclednitrogensourcessuch
asammoniumorureaispreferred(Brzezinskietal.2003).Foriron-limitedphytoplankton
Figure2.10: -Simplifiedilustrationoftheseawaterironchemistryincludingdissolvedferric
(FeIII)andferrous(FeII)redoxformsaswelasironboundtocoloids(Fecol),particles(Fepart)
andligands(Felig). ModifiedafterYeetal.(2009).
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in the SO, the uptake of ammonium can therefore represent a large fraction of the nitrogen
uptake, even though ammonium concentrations are usually particularly low (Goeyens et al.
1995, Brezezinski et al. 2003).
Next to iron, also light limitation has been identified as a key factor controlling the
growth of SO phytoplankton (Mitchell et al. 1991, Boyd 2002). Strong seasonality leads to
high annual variability in day length, solar angle, winds, ice cover and water-column structure
and thus a high variability in the integrated light that cells encounter in the water column
(Arrigo et al. 1998). While photosynthesis is light limited most parts of the year (Sakshaug &
Slagstad 1991, Arrigo et al. 1998), high irradiance levels can lead to photoinhibtion in summer
(Alderkamp et al. 2010). In addition, the deep MLD of the open SO, which regularly exceeds
100 m even in summer, and the movement of phytoplankton cells within the water column
on time scales of 0.01-0.03 m s−1 lead to rapid changes in the encountered light regime.
As phytoplankton cells can experience shifts between complete darkness and irradiances
exceeding 2000 µmol photons m−2 s−1 within a few hours, they need efficient photoacclimation
strategies to cope with a wide range of irradiance levels (Denman & Gargett 1983, MacIntyre
et al. 2000, Dong et al. 2008). Organisms living in such dynamic light environments have
to compromise between investing in light-harvesting efficiency and photoprotection (van de
Poll et al. 2007). Besides efficient photosynthetic machinery, phytoplankton therefore also
developed diverse photoprotective strategies that allow them to cope with changes in light
intensities on different timescales (Niyogi 1999).
In the SO, light stress and iron limitation often occur simultaneously and also interact
on the physiological level (Sunda & Huntsman 1997, Timmermann et al. 2001). As iron
limitation impairs electron transport and photoprotective mechanisms, it will strongly limit
cells abilities to acclimate to both low (Galbraith et al. 2010) and high light (Strzepek
& Harrison 2004). In addition to light and iron availability, also silicon (Si) limitation
and grazing pressure are regularly identified as controlling factors for diatoms-dominated
blooms in the SO, even though these do not seem to determine the initiation but rather
the termination of blooms (Priddle et al. 1992, Banse 1996, Dubischar & Bathmann 1997,
Atkinson et al. 2001, Nelson et al. 2001).
Despite these strong bottom-up as well as top-town controls on phytoplankton, large-
scale phytoplankton blooms with up to 35 mg Chlorophyll a m−3 occur along the Antarctic
continent, the marginal ice zone, as well as near islands and along the frontal zones (Park et
al. 2010; Figure 2.11). SO phytoplankton blooms are mostly dominated by diatoms (Tre´guer
et al. 1995, Smetacek 1999) and, to a lesser degree, by the prymnesiophyte Phaeocystis
antarctica (Arrigo et al. 1999). The dominance of diatoms translates in significant export of
organic matter to depth (Wefer & Fischer 1991, Schlitzer 2002) and biogenic Si-rich sediments
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(Bareille et al. 1991). The timing and intensity of bloom development, as well as the amount
and composition of organic matter transported to depth depend on the species composition
of the phytoplankton (Smetacek 1999, Abelmann et al. 2006, Sachs et al. 2009). The success
of the different species in the phytoplankton assemblages, in turn, is determined by their
ability to cope with the conditions in their environment.
2.3.3 Southern Ocean primary production under climate change
Due to the high CO2 solubility of seawater at cold temperatures as well as the global ocean
circulation patterns, the SO naturally has lower pH compared to mid and low latitude waters.
Additionally, the projected changes in carbonate chemistry will be most severe in polar oceans
(Fabry et al. 2009). Already by the mid 21th century, for example, surface waters of the SO
may be under-saturated with respect to aragonite, which is one important form of carbonate
found in shells of organisms (Orr et al. 2005). This does not only mean that OA may have a
larger impact on marine organisms in the SO compared to other parts of the global ocean, but
also that this region could serve as the perfect ’miner’s canary’ for OA research. Therefore,
the potential effect of OA as an additional driver for primary production and ecosystem
Figure 2.11: - SO summer chlorophyll a concentrations from remote sensing. Season-long
composite of ocean chlorophyll a concentrations derived from visible radiometric measurements
made by the VIIRS instrument on Suomi NPP satellite (Norman Kuring, Suomi NPP, NASA,
2012, www.nasa.gov).
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functioning in the SO has gained increasing attention in recent years. Growth and primary
production of single species as well as natural diatom assemblages from the SO have been
shown to increase with increasing pCO2 levels (Riebesell et al. 1993, Tortell et al. 2008b).
In addition, also the competitive success of the dominant species was shown to be strongly
altered under OA (Tortell et al. 2008a, Feng et al. 2010). SO phytoplankton has been shown
to posses efficient CCMs that prevent CO2 limitation under current conditions (Cassar et al.
2004, Tortell et al. 2008a), but species could benefit indirectly from increased pCO2 through
lowered metabolic costs of carbon acquisition.
As everywhere else, not only carbonate chemistry but also other environmental factors
are subject to change. For instance, heat uptake may change wind patterns and surface
ocean stratification, which has been shown to be a key determinant for SO spring bloom
development (Banse 1996, Bathmann et al. 1997, Abbott et al. 2000, Steinacher et al.
2010). Changes in stratification may also influence upwelling of iron (Landry et al. 2002),
the other main limiting factor of phytoplankton growth in the SO. The combined effects of
OA and other important environmental variables on SO phytoplankton, however, are still
largely unknown.
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2.4 Aims of this thesis
While some understanding about OA impacts on SO phytoplankton was gained in recent
years (Tortell et al. 2008a, 2008b), almost nothing is known about the combined effects
of OA and other stressors in this region. The aim of this thesis is therefore to shed light
on the interactions between rising pCO2 levels and key environmental drivers occurring in
the SO. For this purpose, different future scenarios were applied to single species or natural
phytoplankton communities, measuring responses on the level of primary productivity, growth
or species composition as well as underlying physiology such as photochemistry. In addition,
this thesis attempts to put the applied stressors in the context of naturally occurring
variability and interactive effects between environmental drivers, especially with respect to
iron and light.
2.4.1 The carbonate chemistry riddle
Scientists interested in the effects of climate change on marine organisms face the problem
that they have to understand and deal with complex marine chemistry in order to perform
and interpret CO2 perturbation experiments. Unfortunately, the uncertainties associated
with the pCO2 treatments of these experiments are often not quantified. When assessing the
uncertainties of pCO2 calculations from perturbation studies, discrepancies between pCO2
values calculated from different measured parameter pairs (TA & DIC, TA & pH, and DIC
& pH) were as high as 30%. Publication I presents the calculated discrepancies and their
systematic occurrence. As these discrepancies can hamper the comparability and quantitative
validity of studies, their implications for the interpretation of OA experiments are discussed.
2.4.2 The modulation of OA effects by iron availability
Because iron is considered one of the most important limiting factors for phytoplankton
growth and primary production in the SO, the effects of iron enrichment have gained a lot
of attention (e.g. de Baar et al. 2005, Pollard et al. 2009). The aim of Publication II was
to unravel the potential interactive effects of iron limitation and OA on SO phytoplankton
productivity, which remain largely unknown so far. It presents the results of an incubation
experiment investigating OA effects on phytoplankton assemblages from the Weddell Sea
under both iron-limited and -enriched conditions. In the final phytoplankton assemblages
resulting from the different treatments, interactive effects between OA and iron availability
were observed with respect to species composition, carbon and iron uptake, POC:Chl a and
photophysiology.
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2.4.3 The modulation of OA effects by dynamic light
Light intensities were shown to modulate OA effects on phytoplankton (Rost et al. 2006,
Kranz et al. 2010, Wu et al. 2010) and may further be influenced by dynamic light fields as
they prevail in the ocean’s mixed layer. The aim of Publication III was therefore to investigate
combined effects OA and dynamic light, mimicking irradiances occurring under natural
mixing regimes of the SO. To do so, the Antarctic diatom Chaetoceros debilis was grown
under two different pCO2 (390 & 1000 µatm) and light conditions (constant & dynamic),
the latter yielding the same integrated irradiance. The responses were characterised in terms
of growth, cellular quotas of POC, PON, BSi and Chl a as well as carbon fixation and
photophysiology. Opposing trends in OA-responses under constant and dynamic light can be
explained by interactions between light harvesting and carbon acquisition.
2.4.4 Controls of primary production in SO phytoplankton blooms
Irrespective of the differences between using phytoplankton strains or natural assemblages,
there are shortcomings associated to bottle incubations as they simplify natural conditions.
The aim of Publication IV was therefore to understand how SO phytoplankton blooms are
controlled by environmental key drivers and natural variations therein. To this end, two
large-scale phytoplankton blooms in the Antarctic Polar Frontal zone were investigated with
respect to phytoplankton standing stocks, primary production, photosynthetic efficiencies
and nutrient deficits. Differences between the two blooms were explained by the specific set
of conditions with respect to iron, light and grazing.
2.4.5 What have we learned?
In the synthesis chapter, the main findings of this thesis are summarized and discussed on a
more general level. Special emphasis is put on the impacts of experimental setup and multiple
stressors as well as sampling on different spatial and temporal scales. Finally, overall findings
are exploited to make predictions for ecosystem structure and functioning of the future SO.
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Abstract. The growing field of ocean acidification research
is concerned with the investigation of organism responses to
increasing pCO2 values. One important approach in this con-
text is culture work using seawater with adjusted CO2 levels.
As aqueous pCO2 is difficult to measure directly in small-
scale experiments, it is generally calculated from two other
measured parameters of the carbonate system (often AT , CT
or pH). Unfortunately, the overall uncertainties of measured
and subsequently calculated values are often unknown. Es-
pecially under high pCO2, this can become a severe problem
with respect to the interpretation of physiological and eco-
logical data. In the few datasets from ocean acidification re-
search where all three of these parameters were measured,
pCO2 values calculated from AT and CT are typically about
30 % lower (i.e. ∼300 µatm at a target pCO2 of 1000 µatm)
than those calculated from AT and pH or CT and pH. This
study presents and discusses these discrepancies as well as
likely consequences for the ocean acidification community.
Until this problem is solved, one has to consider that calcu-
lated parameters of the carbonate system (e.g. pCO2, calcite
saturation state) may not be comparable between studies, and
that this may have important implications for the interpreta-
tion of CO2 perturbation experiments.
1 Introduction
Since the beginning of the Industrial Revolution, CO2 emis-
sions from the burning of fossil fuels and changes in land use
have increased atmospheric CO2 levels from preindustrial
values of 280 ppm to currently 390 ppm (www.esrl.noaa.gov/
gmd/ccgg/trends; data by Tans and Keeling, NOAA/ESRL).
Values are expected to rise to 750 ppm (IPCC scenario IS92a,
IPCC, 2007) or even beyond 1000 ppm by the end of this cen-
tury (Raupach et al., 2007). In addition to its contribution to
the broadly discussed greenhouse effect, about 25 % of an-
thropogenic CO2 has been taken up by the ocean (Canadell
et al., 2007), causing a shift of the carbonate chemistry to-
wards higher CO2 concentrations and lower pH (Broecker et
al., 1971). This process, commonly referred to as ocean acid-
ification (OA), is already occurring and is expected to inten-
sify in the future (Kleypas et al., 1999; Wolf-Gladrow et al.,
1999; Caldeira and Wickett, 2003). Ocean acidification will
affect marine biota in many different ways (for reviews see
Fabry et al., 2008; Rost et al., 2008).
To shed light on potential responses of organisms and
ecosystems, numerous national and international research
projects have been initiated (see Doney et al., 2009). An es-
sential part of OA research is based on CO2 perturbation ex-
periments, which represent the primary tool for studying re-
sponses of key species and marine communities to acidifica-
tion of seawater. Marine biologists working in this field have
to deal with several problems associated with this type of ex-
periment: being especially interested in high pCO2 scenar-
ios, seawater carbonate chemistry needs to be adjusted and
kept quasi-constant over the duration of an experiment (in
many cases, the carbonate chemistry is not at all controlled
after initial adjustment). Also, the correct determination of at
least two parameters is necessary to obtain a valid description
of the whole carbonate system and hence correctly interpret
organism responses.
Aqueous pCO2 is difficult to measure in small-scale ex-
periments, and also pH has been under debate due to in-
tricacies concerning pH scales and measurement protocols
(Dickson, 2010; Liu et al. 2011). Total alkalinity (AT ) and
dissolved inorganic carbon (CT ) are usually favoured as
Published by Copernicus Publications on behalf of the European Geosciences Union.
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inputparametersforcarbonatechemistrycalculations,be-
causesamplepreservationandmeasurementsarerelatively
straightforward.Thiscombinationofparametershadalso
beenthoughttoleadtothemostaccuratecalculationsofCO2
concentrationsandcarbonatesaturationstates(Riebeselet
al.,2010).Stil,thereisnoagreementofwhichtwoparam-
etersaretobemeasured,and,asaconsequence,carbonate
systemcalculationsindiferentstudiesareoftenbasedon
diferentinputparameters.Aswilbeshownhere,thismay
severelyimpaircomparabilityofdiferentdatasets.
Eventhoughdetailedliteratureonmeasurementprotocols
hasbeenpublished(Dicksonetal.,2007;Gatusoetal.,
2010),potentialpitfalsandproblemswithuncertaintyesti-
mationsremainand,ascertifiedreferencematerials(CRMs)
areonlyavailableforcurentsurfaceoceanconditions,the
qualityofcarbonatechemistrymeasurementsathighpCO2
levelsisoftenunknown.UncertaintiesofestimatedpCO2
valuesaregeneralyconsideredtobesmalerthan10%(c.f.
Gatusoetal.,2010;Hydesetal.,2010).Anexaminationof
thefewover-determineddatasetsassessedinOAlaborato-
ries(includingdatafromourownlaboratory;reportedinthe
Supplement)revealsupto30%discrepanciesbetweenesti-
matedpCO2levelsderivedfromdiferentinputpairs(AT&
CT;AT&pH;CT&pH).Thispotentialywidespreadphe-
nomenonhasmajorimplicationsforthecomparabilityand
quantitativevalidityofstudiesintheOAcommunity.Inview
ofthegrowingbodyofOAliteratureanditsimpactonpublic
opinionandpolicymakers(Ravenetal.,2005),theidentifi-
cation,quantificationandpreventionofcommonerorshas
tobeanissueofhighpriority.
Thispublicationisbasedonanearliermanuscriptentitled
“OnCO2perturbationexperiments:Over-determinationof
carbonatechemistryrevealsinconsistencies”(Hoppeetal.
2010).
2 Results
Wepresenthereacomparisonofover-determinedcar-
bonatechemistrydatasetsfoundintheliteraturetogether
withourowndatasets.Onlyonedatasetwithmorethan
twoparametersofthecarbonatesystemmeasuredinOA-
laboratorieswasfoundinthelistof“EPOCArelevantpub-
lications”archivedinthePANGEA database(Nisumaaet
al.,2010;htp:/www.epoca-project.eu/index.php/data.html):
SchneiderandErez,(2006);anotherstudywasexcluded
fromthisanalysisbecauseofconictingvaluesbetween
databaseandmanuscript.Inaddition,thedatafromIglesias-
Rodriguezetal.(2008),Thomsenetal.(2010)andourown
laboratory(Hoppeetal.2010)areshown.Foraldatasets,
valuesreportedforrelevantparameters(e.g.salinity,temper-
ature,pHscale,etc.)andthedissociationconstantsofcar-
bonicacidofMehrbachetal.(1973;asrefitbyDicksonand
Milero,1987)wereusedtocalculatepCO2valuesat15◦C
usingtheprogramCO2sys(Pierotetal.,2006).Asinfor-
Fig.1.CalculatedpCO2(AT;CT)versuscalculatedpCO2(CT;
pH)inµatmfromthisstudy(closedcircles,naturalseawater;
opencircles,artificialseawater),SchneiderandErez,2006(open
squares),Thomsenetal.,2010(closedsquares)andIglesias-
Rodr´guezetal.,2008(closedtriangles;herepCO2(target)instead
ofpCO2(CT;pH)isgiven).pCO2valueswerecalculatedforthe
respectivesalinity,nutrientsandcarbonatechemistryparametersat
15◦Cforaldatasets.
mationonnutrientconcentrationswaslackinginthedatasets
used,valueswerebasedonappropriateliteraturedata(see
Supplementfordetails).
ThesecalculationsrevealeddiscrepanciesinthepCO2
calculatedfromdiferentinputpairs,whichincreasedsys-
tematicalywithincreasingpCO2(Fig.1).ThepCO2cal-
culatedfromCTandATwas∼30%lowerthanthepCO2
calculatedfromeitherCTandpHorfromATandpH,the
laterpairsyieldingcomparableresults(±5%).Thecarbon-
atesystemofIglesias-Rodriguezetal.(2008;asshownin
thePANGEA database)wasnotstrictlyover-determined.
However,ifoneassumesequilibrationoftheaeratedseawa-
terwiththegasmixturesused(280–750ppm),thedeviation
ofthepCO2values(calculatedfromATandCT)fromthe
targetpCO2revealsasimilarrelationshiptothatobserved
intheotherdatasets(Fig.1).EventhoughoutgassinginCT
samplescannotbecompletelyexcludedasapotentialsource
ofthediscrepanciesinthisparticularstudy,theconsistent
paternamongstudiesarguesstronglyagainstthisexplana-
tion.
Withrespecttoourowndataset,furtherinformationis
available.Discrepanciesof∼30%wereobservedirespec-
tiveofwhetherCTorATwasmanipulated,andinbothnat-
uralandartificialseawaters(NSWandASW,respectively;
Supplement,Table2).
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3 Discussion
UnderestimationofpCO2calculatedfrommeasuredvalues
ofATandCThasbeendescribedinanumberofstudiesfrom
themarinechemistrycommunity,inwhichdirectmeasure-
mentsoverarangeofpCO2levels(approx.200–1800µatm)
werecomparedtocalculationsfromATandCT(Leeetal.,
1996,2000;Wanninkhofetal.,1999;Lueckeretal.,2000;
Mileroetal.,2002).Themagnitudeofthesedeviationsis,
however,muchsmalerthanfoundinourstudy(5–10%;
cf.Fig.4inLueckeretal.,2000).Thelaterdatasetsand
thosefromtheOAcommunitydiferinthemagnitudeof
thediscrepancies(∼5–10%and∼30%,respectively).Thus,
thephenomenonobservedinourstudyseemstobediferent
fromtheonedocumentedbymarinechemists.
Curently,wedonothaveanexplanationforthediscrep-
anciesdescribedhere,althoughafewsimpleexplanations,
suchastheuncertaintiesofdissociationconstantsoruncer-
taintiesatributedtoAT,CTorpHmeasurements,canbe
ruledout:SystematicerorsinmeasuredAT(5µmolkg−1;
basedonrepeatedCRMmeasurements,ourowndata),CT
(7µmolkg−1;basedonrepeatedCRMmeasurements,our
owndata),pH(0.02;Liuetal.,2011)andinequilibriumcon-
stants(0.01inpK∗1,0.02inpK∗2;Dickson,2010)wouldbemuchtoosmaltoexplainthelargediscrepanciesincalcu-
latedpCO2.
Thecontributionofdissolvedorganicmater(DOM)to
alkalinityhasrecentlygainedalotofatention(Kimand
Lee,2009;Koeveetal.,2010).However,changesinAT
duetoDOMcannotcausethediscrepanciesdescribedhere,
sincethephenomenonwasalsoobservedinanexperiment
inwhichartificialseawaterwithoutanyorganiccompounds
ororganismswasused(Supplement,Table2).Furthermore,
experimentswithnutrient-enrichedNorthSeaseawater(our
data),probablyDOM-richwaterfromKielBight(Thom-
senetal.,2010)andfromtheoligotrophicRedSea(Schnei-
derandErez,2006)showessentialyidenticaldiscrepancies
(Fig.1).Nonetheless,DOMcontributionscanbecomeasig-
nificantsourceoferorinhighbiomasscultures(Kimand
Lee,2009).
Itremainspuzzlingthatthesediscrepanciesareobserved
inexperimentsinvolvingbothATandCTadjustments,dif-
ferentseawatercompositions,aswelasinseveraldatasets
producedwithdiferentequipmentandprocedures(e.g.
coulometric,colourimetricandmanometricCT measure-
ments).Thefactthatseveralindependentstudiescaried
outwithintheframeworkofoceanacidificationresearch
showsimilardiscrepanciesbetweencalculatedpCO2values
(Fig.1)suggestsasystematic,asopposedtoarandom,devi-
ationthatwilhinderarealisticjudgementofthequalityof
datasets.
Regardlessofthereasonsforitsoccurence,thisphe-
nomenonwilhaveconsequencesforoceanacidificationre-
search.Firstly,publishedpCO2valuesmaynotbecompa-
rableifdiferentinputparametersweremeasuredandused
tocalculatepCO2.Secondly,ifcalculatedpCO2valuesare
underestimatedbyupto30%,anorganism'srespectivesen-
sitivitytoacidificationmightbeseverelyoverestimated.This
isespecialyimportantatpCO2levels≥750µatm,which
aretypicalyappliedfortheyear2100scenarioandthere-
forecrucialforal CO2perturbationexperiments.Asan
example,onemightrefertotheresponsesoffourEmil-
ianiahuxleyistrainstodiferentpCO2levelsreportedby
Langeretal.(2009).ForstrainRCC1256,theauthorsreport
stronglydecreasingcalcificationratesabovepCO2valuesof
600µatm(pCO2valueswerederivedfromATandCTmea-
surements).AsthestudyofLangeretal.(2009)wascon-
ductedinthesamelaboratoryasthisone,thepresenceofthe
describeddiscrepanciescanbeassumed.IfthepCO2val-
uesfromLangeretal.(2009)areindeed∼30%lowerthan
theonescalculatedfromATandpH(orCTandpH),our
studycouldsuggestthatcalcificationincreasesuntilapCO2
of750µatmandonlydeclinesatvaluesabove800µatm.Pre-
dictionsforthisstrainfortheoftenproposed2100scenario
of750µatmwouldthusdifersubstantialy.Thediscrepan-
ciesincalculatedpCO2valuesdescribedheremightalsoex-
plainthediferingresultsreportedbyLangeretal.(2009)
andHoppeetal.(2011)withrespecttothesensitivityofthis
strain.Thirdly,dependingontheinputpairchosen,thecalcu-
latedcarbonateionconcentrationandhencethecalciteand
aragonitesaturationstatesmightdifersignificantly.Inthis
study,discrepanciesinsaturationstateswerefoundtobein
therangeof15–30%.
Caremustthereforebetakenwhencomparingstudiesthat
usediferentpairsofinputparametersorwhenreporting
thresholdlevelsofpCO2harmfultoanorganism.Toim-
provecomparabilitybetweenfuturestudies,itmaybeuse-
fultoagreeonacertainpairofinputparametersaslongas
thedescribeddiscrepanciesremain.Wesuggest,forthetime
being,thattheOAcommunityshoulduseATandpHas
inputparameterswhencalculatingthecarbonatechemistry
and,wheneverpossible,measureandreportadditionalpa-
rameters.Thissuggestiondoes,however,notmeanthatthe
resultingpCO2valuesare“corect”.Althoughchoosinga
particularpairofparametersprovidesapragmaticapproach
todealingwithsuchdiscrepancies,itisunsatisfyingand–
ifthechoiceresultsininaccuratecalculationsofpCO2and
[CO2−3]–mayleadtoinappropriateinterpretationsofor-ganismresponses.Curently,wehaveneithersufficientun-
derstandingoftheuncertaintiesofcarbonatechemistrymea-
surements,noracleardemonstrationthatitispossibletoget
thermodynamicalyconsistentdataofAT,CT,pHandpCO2
forseawatersampleswithpCO2>600µatm(A.Dickson
personalcommunication,2011).Furtherinvestigationson
sourceandoccurenceofthisphenomenonarenecessary.
CertifiedreferencematerialwithhighpCO2,aswelascal-
culationprogramsincludingthepropagationoferors,could
improveestimationsofuncertaintiesincarbonatechemistry
measurementsandtherewithcalculationsofpCO2values.
Itshouldbecomecommonpractisetoprovideanddefend
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estimatesofuncertainty.Alarge-scaleinter-comparisonof
thequalityofcarbonatechemistrymeasurementsbetween
diferentlaboratories(fromtheOAbutalsofromthema-
rinechemistrycommunity)wouldhelprevealingwhetherthe
phenomenondescribedhereisindeedwidespread.
Supplementarymaterialrelatedtothisarticleis
availableonlineat:htp:/www.biogeosciences.net/9/
2401/2012/bg-9-2401-2012-supplement.zip.
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Abstract
The potential interactive effects of iron (Fe) limitation and Ocean Acidification in the Southern Ocean (SO) are largely
unknown. Here we present results of a long-term incubation experiment investigating the combined effects of CO2 and Fe
availability on natural phytoplankton assemblages from the Weddell Sea, Antarctica. Active Chl a fluorescence
measurements revealed that we successfully cultured phytoplankton under both Fe-depleted and Fe-enriched conditions.
Fe treatments had significant effects on photosynthetic efficiency (Fv/Fm; 0.3 for Fe-depleted and 0.5 for Fe-enriched
conditions), non-photochemical quenching (NPQ), and relative electron transport rates (rETR). pCO2 treatments significantly
affected NPQ and rETR, but had no effect on Fv/Fm. Under Fe limitation, increased pCO2 had no influence on C fixation
whereas under Fe enrichment, primary production increased with increasing pCO2 levels. These CO2-dependent changes in
productivity under Fe-enriched conditions were accompanied by a pronounced taxonomic shift from weakly to heavily
silicified diatoms (i.e. from Pseudo-nitzschia sp. to Fragilariopsis sp.). Under Fe-depleted conditions, this functional shift was
absent and thinly silicified species dominated all pCO2 treatments (Pseudo-nitzschia sp. and Synedropsis sp. for low and high
pCO2, respectively). Our results suggest that Ocean Acidification could increase primary productivity and the abundance of
heavily silicified, fast sinking diatoms in Fe-enriched areas, both potentially leading to a stimulation of the biological pump.
Over much of the SO, however, Fe limitation could restrict this possible CO2 fertilization effect.
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Introduction
The Southern Ocean (SO) exerts a disproportionate control on
the global carbon cycle over glacial-interglacial timescales [1,2]
and contributes significantly to the oceanic sequestration of
anthropogenic CO2 [3]. Besides abiotic drivers such as ocean
circulation and sea-ice cover, biological carbon uptake and
drawdown also control the air-sea-flux of CO2 in the SO [1,2].
These biological processes are mediated by phytoplankton
communities, dominated mainly by silicifying diatoms [4].
The surface waters of the SO are rich in major nutrients such as
nitrate and phosphate, but in vast areas of this region primary
production is limited by low iron (Fe) availability [5]. Both
laboratory and in-situ fertilisation experiments have demonstrated
that the growth of SO phytoplankton is strongly enhanced by the
addition of Fe [6,7,8]. As Fe is a key nutrient for biochemical
pathways including photosynthesis and nitrate assimilation [9],
limiting Fe concentrations lead to decreased photochemical
efficiencies and photosynthetic rates [10,11]. One important
source of iron in open-ocean waters is the melting of sea-ice,
which causes seasonal and localized phytoplankton blooms and
strong vertical particle fluxes [12,13]. These factors make the
marginal sea-ice zone a biogeochemically important region of the
SO [12].
The effects of seawater carbonate chemistry on SO phyto-
plankton have received increasing attention over recent years.
Laboratory studies suggest that Antarctic phytoplankton can be
growth-limited by CO2 supply under present-day CO2 concen-
trations [14,15]. Field data from continental shelf waters of the
Ross Sea have demonstrated CO2-dependent changes in primary
productivity and phytoplankton assemblages [16,17]. In these
prior studies, phytoplankton assemblages were not demonstrably
Fe-limited (e.g. high Fv/Fm reported in [17]), making the
extrapolation of results to the open SO waters difficult. Recently,
pH-dependent shifts in Fe speciation have been reported [18],
suggesting a strong potential for ocean acidification (OA) to reduce
Fe bioavailability as seen in experiments with Arctic phytoplank-
ton assemblages [19].
Given the Fe-limited status of much of the SO, there is a great
need to investigate combined effects of OA and Fe limitation in
this region. Here we present results from a CO2-Fe-incubation
experiment (190, 390 and 800 matm pCO2 under Fe-enriched and
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Fe-depleted conditions) using an open ocean phytoplankton
assemblage from the Weddell Sea, an important region for SO
primary productivity. The aim of this study was to investigate the
interactive effects of OA and Fe availability on species composi-
tion, primary production, as well as iron uptake and photo-
physiology of Fe-limited phytoplankton assemblages.
Materials and Methods
Experimental Setup
A ship-board incubation experiment was designed using a CO2-
Fe-matrix-approach to examine potential interactive effects
between CO2 and Fe availability on SO phytoplankton commu-
nities. A natural phytoplankton assemblage from the Weddell Sea
(66u509S, 0uW) was sampled during mid Dec. 2010 on the RV
Polarstern ANT-XXVII/2 cruise. The permission for field work
according to the Antarctic Treaty was issued by the Umweltbun-
desamt (Germany). Seawater was collected from 30 m depth using
a ‘‘torpedo fish’’ towed outside the ship’s wake [20]. To eliminate
large grazers, we filtered seawater through an acid-cleaned
200 mm mesh. Water containing the natural phytoplankton
community was transferred into acid-cleaned 4L polycarbonate
bottles and incubated in growth chambers at 361uC with a
constant daylight irradiance of 4065 mmol photons m22 s21
(Master TL-D 18W daylight lamps, Philips, adjusted by neutral
density screens). The applied irradiance was based on several light
measurements in the SO at the sampling depth (data by Mitchell;
e.g. DOI: 10.1594/PANGAEA.132802). To provide sufficient
time for changes in the phytoplankton assemblages to occur and
achieve ecologically relevant information, experiments lasted
between 18 and 30 days depending on experimental treatment
(18–20 days in case of Fe-enriched and 27–30 days in case of Fe-
depleted treatments). In order to prevent significant changes in
chemical conditions due to phytoplankton growth, incubations
were diluted with 0.2 mm filtered seawater when nitrate concen-
trations were about 10 mmol kg21. Dilution water was obtained
from the initial sampling location and filtered through acid-
cleaned 0.2 mm filter cartridges (AcroPak 1500, PALL). Experi-
ments were run with triplicate treatments of two Fe levels (Fe-
enriched and Fe-depleted; see below) and 3 pCO2 levels (190, 390
and 800 matm).
Tubing, bubbling systems, reservoir carboys, incubation bottles
and other equipment were acid-cleaned prior to the cruise using
trace metal-clean techniques: After a 2-day Citranox detergent
bath and subsequent rinsing steps with Milli-Q (MQ, Millipore),
equipment was kept in acid (5N HCl for polyethylene and 1N HCl
for polycarbonate materials) for 7 days, followed by 7 rinses with
MQ. Equipment was kept triple-bagged during storage and
experiments. Incubation bottles were stored under acidified
conditions (addition of 500 mL 10N suprapure quarz destilled
HCl, Carl Roth, in 500 mL MQ) and rinsed twice with seawater
prior to the start of the experiment.
In order to mimic different pCO2 conditions, the incubation
bottles were continuously sparged with air of different CO2 partial
pressures (190, 390 and 800 matm) delivered through sterile
0.2 um air-filters (Midisart 2000, Sartorius stedim). Gas mixtures
were generated using a gas flow controller (CGM 2000 MCZ
Umwelttechnik), in which CO2-free air (,1 ppmv CO2; Dominick
Hunter) was mixed with pure CO2 (Air Liquide Deutschland). The
CO2 concentration in the mixed gas was regularly monitored with
a non-dispersive infrared analyzer system (LI6252, LI-COR
Biosciences) calibrated with CO2-free air and purchased gas
mixtures of 150610 and 1000620 ppmv CO2 (Air Liquide
Deutschland).
To promote phytoplankton growth, 1 nM Fe (FeCl3, ICP-MS
standard, TraceCERT, Fluka) was added to the Fe-enriched
treatments. In the Fe-depleted treatments, 10 nM of the hydro-
xamate siderophore desferrioxamine B (DFB, Sigma) was added to
bind and thereby reduce the bioavailable Fe [21,22]. No
additional macronutrients were added to the incubation bottles.
Abiotic control bottles, used to assess changes in Fe chemistry,
contained filtered seawater (0.2 mm) exposed to each treatment
condition over the duration of the experiment.
Chemical parameters
Nutrients were determined colorimetrically on-board with a
Technicon TRAACS 800 Auto-analyzer on a daily basis over the
course of the experiments, following procedures improved after
[23]. Samples for total alkalinity (TA) were 0.6 mm-filtered (glass
fibre filters, GF/F, Whatman), fixed with 0.03% HgCl2 and stored
in 150 mL borosilicate bottles at 4uC. TA was estimated at the
Alfred Wegener Institute (Germany) from duplicate potentiometric
titration [24] using a TitroLine alpha plus (Schott Instruments).
The calculated TA values were corrected for systematic errors
based on measurements of certified reference materials (CRMs
provided by Prof. A. Dickson, Scripps, USA; batch #111;
reproducibility 65 mmol kg21). Dissolved inorganic carbon
(DIC) samples were filtered through 0.2 mm cellulose-acetate
filters (Sartorius stedim), fixed with 0.03% HgCl2 and stored in
5 mL gas-tight borosilicate bottles at 4uC. Also in the home
laboratory, DIC was measured colourimetrically in triplicate with
a QuAAtro autoanalyzer (Seal) [25]. The analyser was calibrated
with NaHCO3 solutions (with a salinity of 35, achieved by addition
of NaCl) with concentrations ranging from 1800 to 2300 mmol
DIC kg21. CRMs were used for corrections of errors in instrument
performance (e.g. baseline drift). Seawater pH was measured
potentiometrically on the NBS scale (pHNBS; overall uncertainty
0.02 units) with a two-point calibrated glass reference electrode
(IOline, Schott Instruments). Values for pH were reported on the
pHtotal scale for better comparability with other datasets.
Following suggestions by Hoppe et al. [26], seawater carbonate
chemistry (including pCO2) was calculated based on TA and pH
using CO2SYS [27]. The dissociation constants of carbonic acid of
Mehrbach et al. (refit by Dickson and Millero) were used for
calculations [28,29]. Dissociation constants for HSO4 were taken
from Dickson [30]. Iron chemistry was analyzed using the
competitive ligand exchange adsorptive cathodic stripping vol-
tammetry using the ligand 2-(2-thiazolylazo)-p-cresol (TAC,
10 mmol kg21 [31]). Total dissolved (,0.2 um) Fe concentrations
were analyzed following a 45 min UV-photo-oxidation step (acid
washed quartz tubes closed with Teflon lids) and concentrations
were determined in triplicate using standard additions of a freshly
made FeCl3 standard (ICP-MS standard, TraceCERT, Fluka, 1–
4 nM).
Biological Parameters
To determine the taxonomic compositions at the end of the
experiment, duplicate aliquots of 200 mL unfiltered seawater were
preserved with both hexamine-buffered formalin solution (2% final
concentration) and Lugols (1% final concentration). Preserved
samples were stored at 4uC in the dark until further analysis by
inverted light microscopy (Axiovert 200, Zeiss). Additionally,
species dominating the final communities were identified using
scanning electron microscopy (Philips XL30) according to
taxonomic literature [32]. Average biovolume of the dominant
species was calculated based on representative cell size measure-
ments [33]. Values were in good agreement with the MAREDAT
database [34]. For analysis of particulate organic carbon (POC),
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cells were collected onto precombusted GF/F-filters (15 h, 500uC),
which were subsequently stored at 220uC and dried for .12 h at
60uC prior to sample analysis. Analysis was performed using an
Automated Nitrogen Carbon Analyser mass spectrometer system
(ANCA-SL 20-20, SerCon Ltd.). Samples for determination of
chlorophyll a (Chl a) concentration were filtered onto 0.45 mm
cellulose acetate filters (Sartorius stedim) and stored at 220uC
until analysis onboard. Chl a was subsequently extracted in 10 mL
90% acetone (overnight in darkness, at 4uC) and concentrations
determined on a fluorometer (10-000 R, Turner Designs), using an
acidification step to determine phaeopigments [35].
Physiological assays
Primary production of the final phytoplankton assemblages was
determined in 100 mL incubations after addition of a 10 mCi
(0.37 MBq) spike of NaH14CO3 (PerkinElmer, 53.1 mCi m-
mol21). From the incubations, 0.5 mL aliquots were immediately
removed and mixed with 10 mL of scintillation cocktail (Ultima
Gold AB, PerkinElmer) to determine the total amount of added
NaH14CO3. For blank determination, samples were filtered and
acidified immediately after 14C spikes. After 24 h of incubation
under acclimation light intensity, samples were filtered onto GF/
F-filters, acidified with 6N HCl and left to degas overnight. Filters
were then transferred into scintillation vials, to which 10 mL of
scintillation cocktail was added. After $2 h, the samples were
measured on a ship-board liquid scintillation counter (Tri-Carb
2900TR, PerkinElmer), using automatic quench correction and a
maximum counting time of 5 minutes.
Maximum Fe uptake capacity of the final phytoplankton
assemblages was estimated after 2–4 h dark-acclimation in
500 mL acid-cleaned PC-bottles. In case of the Fe- treatments,
cells were gently concentrated by filtration over an HCl-cleaned
2 mm membrane filter (Isopore, Millipore), rinsed and resuspended
in 500 mL filtered seawater from the initial sampling location in
order to dispose all DFB. From this, 50 mL were taken for Chl a
measurements. Subsequently, 1 nM of 55Fe (Perkin Elmer,
33.84 mCi mg21 as FeCl3 in 0.5 N HCl) was added to each
sample (both Fe- and -enriched). Generally, 2 mL were taken from
all samples to determine the initial amount of 55Fe. Subsequently,
cells were exposed for at least 24 h to the acclimation light
intensity. At the end of the incubation time, the sample was filtered
onto GF/F-filters and rinsed 5 times with oxalate solution (gravity
filtered, 2 min between rinses) and 3 times with natural seawater
[36]. Each filter was then collected in a scintillation vial, amended
with 10 mL scintillation cocktail (Ultima Gold A, PerkinElmer)
and mixed thoroughly (Vortex). 55Fe counts per minute were
estimated for each sample on the ship-board liquid scintillation
counter (Tri-Carb 2900TR, PerkinElmer), and converted into
disintegrations per minute considering the radioactive decay and
custom quench curves. 55Fe uptake was then calculated taking into
account the initial 55Fe concentration and the total dissolved Fe
concentration (background and added). Fe uptake rates were
normalized to POC using Chl a:POC ratios from the respective
treatments.
Photophysiological parameters were measured using a Fluores-
cence Induction Relaxation System (FIRe; Satlantic, Canada; 37).
Samples were 1 h dark-acclimated prior to measurements to
ensure that all photosystem II (PSII) reaction centers were fully
oxidized and non-photochemical quenching (NPQ) was relaxed.
The duration of the dark acclimation was chosen after testing
different time intervals (data not shown). Samples were then
exposed to a strong short pulse (Single Turnover Flash, STF),
which was applied in order to cumulatively saturate PSII.
Afterwards, a long saturating pulse (Multiple Turnover Flash,
MTF) was applied in order to fully reduce the PSII and the
plastoquinone (PQ) pool. The minimum (F0) of the STF phase and
maximum (Fm) fluorescence of the MTF was used to calculate the
apparent maximum quantum yield of photochemistry in PSII (Fv/
Fm) according to the equation (Fm2F0)/Fm. This parameter was
calculated for all bottles on a regular basis (every 6–7 days). Values
of these parameters as well as of the functional absorption cross
section of PSII (sPSII [A˚
2 quanta21]) were derived using the
FIRePro software provided by Satlantic [37]. Additional fluores-
cence measurements were performed under increasing irradiances
(21, 41, 66, 88, 110 and 220 mmol photons m22 s21) provided by
an external actinic light source (warm white 350 mA LEDs,
ILL3A003, CML Innovative Technologies). After 5 minutes
acclimation to the respective light level, the light-acclimated
minimum (Fq9) and maximum (Fm9) fluorescence were estimated.
The effective quantum yield of photochemistry in open reaction
centers of PSII was derived according to the equation (Fm92Fq9)/
Fm9 [38]. Relative electron transport rates (rETR) were then
calculated as the product of effective quantum yield and applied
growth irradiance of 40 mmol photons m22 s21. Using the Stern-
Volmer equation [39], NPQ of Chl a fluorescence under growth
irradiance was calculated as Fm/Fq921. NPQ was relaxed (values
,0.1) at lowest light levels for all treatments (data not shown). All
measurements were conducted at the growth temperature.
Statistics
All data is given as the mean of the replicates (n= 3) with 1
standard deviation. To test for significant differences between the
treatments, Two Way Analyses of Variance (ANOVA) with
additional normality tests (Shapiro-Wilk; passed for all data shown)
were performed. The significance level was set to 0.05. Statistical
analyses were performed with the program SigmaPlot (SysStat
Software Inc).
Results
Seawater chemistry
The initial carbonate system (pH: 7.9360.01; DIC
2210617 mmol kg21; TA: 2303614 mmol kg21) shifted to exper-
imental treatment levels (average pH of 8.3960.02, 8.1360.02,
and 7.8060.03 for the three CO2 treatments) within the first 2
days of the experiment (Figure 1 A). The semi-continuous dilute-
batch approach led to stable seawater carbonate chemistry over
the course of the experiment (Figure 1 A). Compared to abiotic
controls, drift was ,8% and ,5% for TA and DIC, respectively
(Table 1). Initial seawater nutrient concentrations were
29 mmol kg21 nitrate, 76 mmol kg21 silicate and 2 mmol kg21
phosphate. Over the course of the experiment, concentrations of
nitrate never fell below 7 mmol kg21, while silicate and phosphate
concentrations were always above 40 and 0.8 mmol kg21, respec-
tively. Initial Fe concentration in the water sampled for
incubations was 1.1260.15 nmol kg21. In 0.2 mm filtered seawa-
ter (i.e. abiotic control treatments) enriched with 10 nM DFB,
dissolved Fe concentrations remained 1.1660.08 nmol kg21 until
the end of the experiment (Table 1), indicating that the
experimental bottles remained free of Fe contamination. Dissolved
Fe concentrations decreased in Fe-enriched seawater (1 nM Fe
added, Table 1).
Photophysiology
Over the course of the experiment, we observed significant Fe-
dependent differences in the apparent maximum quantum yield of
PSII reaction centres (Fv/Fm; Figure 1 B; p,0.001). Average
values of Fv/Fm at the end of the experiment were 0.5160.04 and
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0.3260.03 for Fe-enriched and -depleted treatments, respectively
(Table 2). In contrast, the pCO2 treatments had no effects on Fv/
Fm under either of the Fe treatments. Relative electron transfer
rates from PSII (rETR) were significantly higher in Fe-enriched
treatments, and also showed pCO2-dependent increases under
both Fe-enriched (5.760.8 at low and 7.560.9 at high pCO2;
p,0.001) and Fe-depleted conditions (4.260.4 at low and
5.360.1 at high pCO2; p,0.001). Significant interactive effects
between Fe- and pCO2-treatments were also observed in
photoprotective non-photochemical quenching (NPQ; Table 2;
p,0.001). Under Fe-limitation, NPQ decreased from 0.2260.03
at low pCO2 to 0.1160.00 at high pCO2, while under Fe-enriched
conditions, NPQ was independent of pCO2 (0.0660.01 at all
pCO2 levels; p,0.001).
The ratios of Chl a to POC of the final phytoplankton
assemblages (Table 1) were significantly higher (p,0.001) in Fe-
enriched (0.02360.003 at low and 0.01760.004 at high pCO2)
compared to Fe-depleted treatments (0.01260.001 at low and
0.01060.001 at high pCO2). Chl a:POC ratios furthermore
decreased significantly with increasing pCO2 levels (p = 0.012),
irrespective of the Fe-status.
Fe and C uptake
For all pCO2 levels, carbon-normalized Fe uptake capacities at
the end of the experiment were 10-fold higher in Fe-depleted
compared to Fe-enriched treatments (Figure 2; p,0.001), but with
no significant CO2 effect. Combining data across pCO2
treatments, mean Fe uptake capacities were 7.5063.35 pmol Fe
(mmol POC)21 h21 and 0.7260.38 pmol Fe (mmol POC)21 h21 at
low and high Fe, respectively. Under Fe-enriched conditions, we
observed a significant CO2-dependent increase in C-specific
primary productivity (Figure 3; p,0.001). Primary productivity
increased from 4.2160.44 nmol C (mmol POC)21 h21 at low
pCO2 to 8.1560.75 nmol C (mmol POC)
21 h21 at high pCO2. In
contrast, no CO2-dependent productivity responses were observed
in Fe-depleted treatments, with values of 3.6260.38 nmol C (mmol
POC)21 h21 at low pCO2 and 3.9360.16 nmol C (mmol POC)
21
h21 at high pCO2. Thus, there was a significant interactive effect
of the CO2- and Fe-treatments on NPP (p = 0.023).
Species composition
We observed pronounced shifts in the diatom-dominated
phytoplankton assemblages in association with the CO2-depen-
dent changes in primary productivity (Figure 4; Table 3). Shifts in
species composition did not lead to changes in average cell size in
the different assemblages (data not shown). After Fe-enrichment,
Pseudo-nitzschia cf. turgiduloides was the most abundant species under
low and intermediate pCO2 (3965% and 4069%, respectively),
whereas Fragilariopsis cylindrus dominated communities under high
pCO2 levels (7265%). Furthermore, Chaetoceros cf. simplex abun-
Figure 1. pH and Fv/Fm over the course of the experiment. Experimental conditions over the course of the experiment. A: Development of
pHtotal (n = 3; mean 61 s.d.) in Fe-enriched (solid circles, 190 matm CO2; solid squares, 390 matm CO2; solid triangles, 800 matm CO2) and Fe-depleted
treatments (open circles, 190 matm CO2; open squares, 390 matm CO2; open triangles, 800 matm CO2). B: Development of dark-adapted Fv/Fm (n = 3;
mean 61 s.d.) in Fe-enriched (solid squares) and Fe-depleted treatments (open squares).
doi:10.1371/journal.pone.0079890.g001
Table 1. Seawater chemistry.
Treatment Fediss DIC TA pH pCO2
[mmol kg21] [mmol kg21] [mmol kg21] [total] [matm]
Initial seawater 1.12 60.15 2071 2271 7.93 518
+Fe 190 matm CO2 0.45 60.07 2002 611 2208 636 8.31 60.01 188 66
390 matm CO2 0.32 60.04 2082 64 2230 68 8.06 60.03 369 630
800 matm CO2 0.21 60.03 2175 614 2215 68 7.74 60.02 801 651
2Fe 190 matm CO2 1.13 60.16 2018 618 2209 65 8.28 60.01 204 65
390 matm CO2 1.25 60.21 2096 641 2219 621 8.03 60.02 398 622
800 matm CO2 1.11 60.09 2155 641 2241 652 7.74 60.01 813 611
Parameters of the seawater carbonate chemistry were sampled at the beginning (n= 1) and the end of the experiment (n= 3; mean 61 s.d.). Total dissolved Fe
measurements in abiotic control treatments after 0.2 mm filtration as measured by voltammetry (n= 2; mean 6 1 s.d.). The decreased dissolved Fe concentration in the
+Fe treatment can be attributed to precipitation/absorption of colloidal iron. pCO2 was calculated from TA and pHtotal at 3uC and a salinity of 34 using CO2SYS [27],
using average final nutrient concentrations of 1 and 60 mmol kg21 for phosphate and silicate, respectively.
doi:10.1371/journal.pone.0079890.t001
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dances increased with rising CO2 (from 1160% at low pCO2 to
1761% at high pCO2). Phytoplankton composition changes were
also observed under Fe limitation, but the nature of these species
shifts differed significantly from those seen under high Fe levels
(Figure 4; Table 3). Under Fe-depleted conditions, Pseudo-nitzschia
cf. turgiduloides dominated the low pCO2 treatment (55616%),
while Synedropsis sp. was the most prevalent species under high
pCO2 (7862%).
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Figure 2. Iron uptake capacities of final phytoplankton
communities. Fe uptake capacities [pmol Fe (mmol POC)21 h21] of
Fe-enriched (solid bars) and -depleted (open bars) final phytoplankton
communities (n = 3; mean 61 s.d.) estimated from 24 h incubation with
1 nM 55Fe as a function of pCO2 [matm]. Statistical analysis (2-way
ANOVA) revealed significant differences between Fe-treatments
(F = 62.217, p =,0.001) but not between CO2-treatments (F = 1.205,
p = 0.349).
doi:10.1371/journal.pone.0079890.g002
Figure 3. Net primary production of final phytoplankton
communities. NPP [nmol C (mmol POC)21 h21] was estimated from
14C incubations over 24 h as a function of pCO2 [matm]. Black and grey
bars indicate Fe-enriched (solid bars) and -depleted treatments (open
bars), respectively (n = 3; mean 6 s.d.). ANOVA analysis revealed
significant effects of pCO2 levels as well as a significant interaction
term of [Fe] and pCO2 levels (F[Fe] = 0.01, p[Fe] = 0.92; FpCO2 = 15.56,
ppCO2,0.001; F[Fe],pCO2 = 5.85, p[Fe],pCO2 = 0.023).
doi:10.1371/journal.pone.0079890.g003
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Discussion
Confirmation of Fe limitation
Dissolved Fe concentrations in Fe-depleted abiotic controls
remained at initial concentrations, showing that experimental
manipulations and CO2 bubbling resulted in no significant Fe
contamination (Table 1). In Fe-enriched abiotic controls, dissolved
Fe concentrations decreased over the course of the experiment.
This can be attributed to precipitation and absorption of colloidal
iron in the absence of significant concentrations of Fe-binding
ligands [40]. Fe limitation of phytoplankton in the DFB treatments
was confirmed by significant differences in Fv/Fm between Fe-
enriched and -depleted treatments (Table 2; Figure 1 B). Fv/Fm
values of Fe-depleted treatments are comparable to those observed
in naturally Fe-limited phytoplankton communities [41]. In line
with previous findings on SO phytoplankton, also other photo-
physiological parameters like NPQ and rETR differed significantly
between Fe treatments (Table 2, [42,43]). Moreover, the
significantly higher Fe uptake capacity in Fe-depleted treatments
likely reflects the induction of high-affinity uptake systems and/or
the selection of phytoplankton communities with greater Fe
affinities [21,22]. All of these observations confirm Fe limitation in
the Fe-depleted treatments.
OA response under Fe-enriched conditions
The observed CO2-dependent increase in primary productivity
under Fe-enriched conditions (Figure 3) confirms that CO2
fixation in SO phytoplankton can be limited by carbon supply
under current CO2 concentrations [14,16]. This hypothesis is
further supported by the decrease in Chl a:POC ratios and the
increase in rETRs with increasing pCO2 (Table 2). Similarly,
Ihnken et al. [44] observed ETRmax in Fe-sufficient Chaetoceros
muelleri to increase with increasing CO2. These findings suggest
that the Calvin cycle, the major sink of photosynthetic energy [9],
is the rate-limiting step of photosynthesis under low pCO2 levels.
NPQ was not affected under high pCO2, Fe-enriched conditions.
Under the applied irradiance of 40 mmol photons m22 s21,
however, NPQ values were generally very low (Table 2) suggesting
that there is little requirement for dissipation of light. For one of
Figure 4. Representative microscopy pictures of species
composition of the final communities. A, Fe-enriched 190 matm
(3965% Pseudo-nitzschia, 4364% Fragilariopsis); B, Fe-enriched 390
matm (4069% Pseudo-nitzschia, 42612% Fragilariopsis); C, Fe-enriched
800 matm (7265% Fragilariopsis); D, Fe-depleted 190 matm (55616%
Pseudo-nitzschia, 26620% Synedropsis); E, Fe-depleted 390 matm
(51615% Pseudo-nitzschia, 29616% Synedropsis); F, Fe-depleted 800
matm (7862% Synedropsis).
doi:10.1371/journal.pone.0079890.g004
Table 3. Microscopic cell counts.
Taxonomic group Initial +Fe 2Fe
190 matm 390 matm 800 matm 190 matm 390 matm 800 matm
Pseudo-nitzschia cf. turgiduloides 5 39 65 40 69 3 63 55 616 51 615 ,0.5
Synedropsis sp. 1 1 61 1 60 3 62 26 620 29 616 78 62
Fragilariopsis cylindrus 32 43 64 42 612 72 65 3 62 2 61 5 63
Chaetoceros cf. simplex 6 11 60 10 62 17 61 1 61 3 62 1 61
Phaeocystis antarctica 18 1 60 2 62 2 61 7 62 6 63 5 61
unidentified flagellates 9 3 61 2 62 3 63 ,0.5 ,0.5 3 61
Choanoflagellates 6 ,0.5 1 61 ,0.5 4 62 6 63 6 60
Ceratoneis closterium 1 ,0.5 ,0.5 ,0.5 1 60 1 61 1 60
Dinoflagellates 6 ,0.5 ,0.5 ,0.5 1 61 ,0.5 ,0.5
Pseudo-nitzschia cf. turgidula 2 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5
Fragilariopsis kerguelensis 7 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5
Thalassiosira sp. 3 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5
Large Chaetoceros sp. 2 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5 ,0.5
Rhizosolenia sp. 11 - ,0.5 ,0.5 ,0.5 ,0.5 ,0.5
Thalassiothrix sp. 1 - - - ,0.5 - -
Guinardia sp. ,0.5 - ,0.5 ,0.5 - ,0.5 ,0.5
Eucampia sp. ,0.5 ,0.5 - ,0.5 - ,0.5 -
Ciliates ,0.5 - - - ,0.5 ,0.5 ,0.5
Silicoflagellates ,0.5 - - - - ,0.5 -
Species composition of the initial community (n = 1) and at the end of the experiment (% of total cell count; n = 3; average 61s.d.).
doi:10.1371/journal.pone.0079890.t003
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the dominant species in the Fe-enriched treatments, Fragilariopsis
cylindrus, a significant induction of NPQ was only found at
irradiances larger than 200 mmol photons m22 s21 [43]. We can
therefore conclude that even when photosynthesis was carbon
limited under low pCO2, the applied irradiance was too low to
induce NPQ under Fe-enriched conditions and other pathways
were operated as electron sinks (e.g. midstream-oxidases [9]).
The changes in physiological responses in Fe-enriched phyto-
plankton assemblages were accompanied by a pronounced shift in
the species composition (Figure 4; Table 3) from Pseudo-nitzschia cf.
turgiduloides under low and intermediate pCO2 to Fragilariopsis
cylindrus under high pCO2 levels. Likely mechanisms for this
floristic shift include species-specific differences in carbon acqui-
sition [15,45], as well as pH-mediated differences in cellular
physiology, e.g. changes in electrochemical membrane potentials
and ion transport processes [46]. Pseudo-nitzschia has also been
observed to dominate in bloom situations after Fe fertilization [7],
where pH increases due to biomass build-up and drawdown of
CO2. This is in line with results from CO2 manipulations on SO
phytoplankton assemblages, which were dominated by Pseudo-
nitzschia at high pH [16]. In a laboratory study under Fe-enriched
conditions, growth and rETRs of Pseudo-nitzschia subcurvata were
unaffected by pCO2, suggesting that this species shows little to no
responses to CO2 fertilization [15]. Our field experiment suggests
that Fragilariopsis cylindrus, in contrast, benefited from increased
pCO2. Even though information of OA responses for this species is
lacking, the related Fragilariopsis kerguelensis showed enhanced
rETRs with increasing pCO2 (S. Trimborn, unpublished data).
We thus speculate that F. cylindrus increased its photosynthetic
activity under elevated pCO2, thereby outcompeting the otherwise
faster growing Pseudo-nitzschia. Under OA, also the relative
abundance of Chaetoceros sp. increased by 50% (Table 3), which
is consistent with previous findings on SO phytoplankton
assemblages [16] as well as growth responses of Chaetoceros debilis
to increased pCO2 [15].
OA response under Fe-limitation
The observation that under Fe-limitation, productivity was not
stimulated by increasing pCO2 (Figure 3) may indicate that Fe acts
as the main limiting factor suppressing the effects of other nutrients
such as inorganic carbon. Alternatively, the apparent insensitivity
of primary production to OA may arise from antagonistic
physiological responses to pCO2 and pH.
Under Fe limitation, elevated pCO2 significantly increased
rETRs and decreased NPQ, while the functional absorption cross
section was not affected (Table 2). These results suggest a greater
electron sink associated with the Calvin cycle and thus a decreased
need for energy dissipation under OA [44]. It is also known that
linear electron transport (LET) towards the Calvin cycle is not the
sole sink for photosynthetic energy and that, depending on the
ATP demand of the cells, alternative electron pathways can play
an important role (e.g. Mehler reaction, MOX pathway,
pseudocyclic electron flow around PSI) [9]. Increased pCO2,
however, is known to decrease photorespiration and/or the need
for carbon concentrating mechanism (CCMs), which would lead
to a decrease in cellular ATP demand [47]. The observed increase
in rETRs in Fe-limited cells at high pCO2 levels (Table 2) may
therefore rather be linked to higher LET rates than to alternative
electron pathways. The higher LET, enabled by the enhanced
CO2 fixation in the Calvin cycle, could counteract the generally
greater need for photoprotection under Fe limitation [42,43]. This
could explain the opposing CO2 effects on NPQ under Fe-
depleted and Fe-enriched conditions. The CO2 effect, apparent in
photophysiology, is potentially masked in primary production by
co-occurring pH effects on Fe bioavailability. According to the
observed decline in Fe bioavailability with decreasing pH [18,19],
Fe-depleted phytoplankton would experience the greatest Fe stress
under high pCO2.
In this study, Fe-limitation was achieved by the addition of the
chelator DFB. Even though DFB has been shown to form strong
complexes with Fe and thereby decrease Fe availability by .90%
[36], phytoplankton can still access DFB-bound Fe to some extent
[48,49]. Since the phytoplankton assemblages in our DFB-
treatments were strongly Fe-limited (as demonstrated by photo-
physiology, Fe and C uptake), bioavailability of Fe must have been
largely reduced. Fe bioavailability also seems to be slightly reduced
with increasing pCO2 (Figure 2), as has been observed in natural
phytoplankton communities (i.e. without any added chelators) and
in studies using different chelators such as EDTA and DFB
[18,19,50]. Also, Maldonado et al. [49] suggest that the in-situ
organic Fe-complexes observed in the SO have similar bioavail-
ability compared to DFB. Although the chemical nature of in-situ
organic Fe-binding ligands is not fully resolved, hydroxamate
siderophores have been reported [51]. It is thus possible that at
least some of the organically bound Fe exhibits a similar pH-
dependent bioavailability as induced by DFB, and thus may allow
for the extrapolation of our results to field situations. In order to
study the bioavailability of Fe associated with in-situ Fe-binding
organic ligands under OA scenarios, future experiments without
added chelators should be conducted. As the nature of Fe-binding
ligands remains largely unknown and can vary spatially [52,53],
one should address the Fe bioavailability of various compounds
(e.g., humic acids, saccharids, exopolymeric substances) that were
reported to affect iron biogeochemistry [36,54,55]. Furthermore,
organic ligands control the bioavailability and the physico-
chemistry of trace metals in general [52,56]. As some of those
(Co, Cd, Zn) are also essential for phytoplankton physiology (e.g.
for the activity of the carbonic anhydrase) [57], joint measure-
ments of other trace metals as well as their ligands would be
desirable.
Although primary productivity was not sensitive to OA under
Fe limitation, we did observe CO2-dependent species shifts,
with Pseudo-nitzschia sp. dominating under low and Synedropsis
sp. under high pCO2 (Figure 4). The low abundances of F.
cylindrus in Fe-depleted treatments probably reflect the rather
high sensitivity of this species towards Fe limitation [43], which
could be due to low Fe uptake capacities observed for this
species [21]. In contrast, Pseudo-nitzschia has been shown to be
an efficient user of Fe under limiting concentrations [58] and
sporadic Fe input events [59]. Interestingly, the final propor-
tion of Pseudo-nitzschia declined strongly with increasing pCO2,
irrespectively of the Fe status (Table 3), suggesting that its
growth rates must have been significantly lower than those of
the dominant species (F. cylindrus and Synedropsis sp. under Fe-
enriched and -depleted conditions, respectively). This observa-
tion is in line with a recent study on P. pseudodelicatissima, whose
growth rates were not affected by OA under either Fe-deplete
nor -replete conditions [50]. As Pseudo-nitzschia generally does
not seem to benefit from increased pCO2 levels ([15,16,50],
this study), one could expect OA to have a negative effect on
the abundances of this genus under on-going climate change.
At present, nothing is known about the Fe and CO2
requirements of Synedropsis [60]. However, a possible appear-
ance of Synedropsis in phytoplankton assemblages or incubation
experiments might have been overlooked in past studies, as
their delicately silicified frustules are very prone to dissolution
[61] and not distinguishable from Pseudo-nitzschia by light
microscopy (Figure 4).
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Our results clearly demonstrate a strong difference in CO2-
dependent community structure between Fe-enriched and Fe-
depleted conditions (Figure 4). To explain these shifts, more
information on species-specific differences in Fe requirements,
uptake, as well as allocation strategies [21,62,63], and inorganic
carbon acquisition [15,16] is needed for all dominant species.
Biogeochemical implications
The findings of our study suggest that the effects of OA on
primary production and community structure are strongly
modulated by the prevailing Fe concentrations. Our results, and
those of others [16,64], indicate a potential stimulation of the
biological pump as a result of increased pCO2 in Fe-replete
regions. Under Fe enrichment and increasing pCO2 levels, we
observed a shift from weakly silicified Pseudo-nitzschia towards more
heavily silicified Fragilariopsis. Pseudo-nitzschia remineralizes quickly
in subsurface waters [65], while Fragilariopsis is a more efficient
vector of carbon export [12]. Thus, enhanced primary production,
in concert with potentially higher export efficiencies, could lead to
a stronger downward flux of organic matter in Fe-replete areas
under OA.
The described feedback by ‘CO2-fertilisation’, however, may
not operate over the broad expanse of the Fe-limited SO. These
regional differences in CO2-sensitivity might be even more
pronounced in terms of carbon export efficiencies, as under Fe-
depleted conditions no functional shifts in species composition
were observed. Here, all assemblages were dominated by weakly
silicified species such as Pseudo-nitzschia cf. turgiduloides [54] or
Synedropsis sp. [60]. Frustules of both species are delicate and only
preserved in shallow waters or under special circumstances such as
large aggregation events in combination with anoxia [61,65].
Irrespective of their potential for carbon export, all species
dominating our incubations are ecologically important
[61,66,67]. Furthermore, both F. cylindrus and P. turgiduloides are
not only characteristic sea-ice algae but also dominate phyto-
plankton assemblages in open waters [66,67]. In fact, most genera
being characteristic for SO phytoplankton assemblages were
present in initial and final phytoplankton assemblages (Table 3).
Overall, species in the incubations resemble a mixture of typical
open-ocean and sea-ice associated species [68–71]. Hence, our
interpretations may not be restricted to sea-ice influenced habitats
only.
Our results suggest that the potential ‘CO2 fertilization’ effect
critically depends on the availability of Fe, determining how
strongly the biological pump will serve as a carbon sink in the
future SO. Realistic projections of primary production and CO2
sequestration thus remain difficult as long as scenarios for Fe
input as well as its bioavailability to phytoplankton remain
poorly constrained [18,72]. The results of this study furthermore
highlight the need to assess combined effects of important
environmental factors in order to understand and predict
responses to single stressors such as OA. In this respect,
irradiance levels should also be considered as a potentially
interacting factor. Indeed, the level of energization has been
shown to strongly influence the strength of phytoplankton
responses to OA [73], suggesting that also the interaction
between Fe and CO2 availability could be modulated by light
conditions. To thoroughly assess consequences of OA, multi-
factorial perturbation experiments (including factors such as
different Fe sources or grazing) should target physiological as
well as ecological responses of SO phytoplankton assemblages.
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5.1 Summary
• There is increasing evidence that different light intensities strongly modulate the effects
of Ocean Acidification (OA) on marine phytoplankton. The aim of the present study
was to investigate interactive effects of OA and dynamic light, mimicking natural mixing
regimes.
• The Antarctic diatom Chaetoceros debilis was grown under two pCO2 (390 & 1000
µatm) and two light conditions (constant & dynamic), the latter yielding the same
integrated irradiance over the day. To characterise possible interactive effects between
treatments, growth, elemental composition, primary production and photophysiology
were investigated.
• Dynamic light reduced growth and strongly altered the effects of OA on primary
production, being unaffected by elevated pCO2 under constant yet significantly reduced
under dynamic light. Interactive effects between OA and light were also observed for
Chl a production and POC quotas.
• Response patterns can be explained by changes in the cellular energetic balance: While
the energy conversion efficiency from photochemistry to biomass production (Φe,C)
was not affected by OA under constant light, it was drastically reduced under dynamic
light. Contrasting responses under different light conditions need to be considered when
making predictions for a more stratified and acidified future ocean.
Keywords: CO2; diatoms; multiple stressors; photophysiology; phytoplankton; primary
production; Southern Ocean
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5.2 Introduction
The Southern Ocean (SO) plays a pivotal role in the global carbon cycle (Marinov et al.
2006), strongly influencing atmospheric CO2 concentrations on glacial-interglacial timescales
(Moore et al. 2000, Sigman et al. 2010). Today, the SO takes up 15-40% of the anthropogenic
CO2 (Khatiwala et al. 2009, Takahashi et al. 2009), a large proportion of which is mediated
by phytoplankton (Takahashi et al. 2002, Gurney et al. 2004). Yet, the potential for carbon
sequestration via the biological pump (Volk & Hoffert 1985) is even higher in this region, as
primary producers are restricted by the availability of trace metals (Martin 1990, de Baar et
al. 2005) as well as prevailing light conditions (Mitchell et al. 1991, Sakshaug et al. 1991).
Deep vertical mixing, induced by strong winds, leads to rapid changes in the light regime
as well as low integrated irradiances that phytoplankton cells encounter in the upper mixed
layer (MacIntyre et al. 2000).
Primary and export production in the SO are dominated by diatoms (Nelson et al.
1995, Brzezinski et al. 1998). Therefore, a lot of the research has focussed on this functional
group. Diatoms tend to dominate well-mixed nutrient rich environments, in which light is
the main factor controlling growth rates (Sarthou et al. 2005). Even though diatom species
were found to differ in light responses, this group can generally be characterised by high
photochemical efficiencies, low susceptibilities towards photoinhibition, and high plasticity in
photoacclimation (Wagner et al. 2006, Lavaud et al. 2007, Kropuenske et al. 2009, Su et al.
2012, Li & Campbell 2013). Overall, diatoms seem to be less compromised by fluctuating
irradiances than other phytoplankton groups (van Leeuwe et al. 2005, Wagner et al. 2006,
Lavaud 2007). These physiological features can, to a large degree, explain the dominance
of diatoms in natural phytoplankton assemblages exposed to deep-mixing regimes like the
SO (Sarthou et al. 2005), even though the prymnesiophyte Phaeocystis has been shown
to outcompete diatoms in the deep-mixing regimes of the Ross Sea (Arrigo et al. 2010,
Alderkamp et al. 2012, Smith et al. 2013).
Studies investigating the effects of dynamic light on diatoms often showed that while
C : N ratios stayed constant, photosynthetic efficiencies increased and growth rates decreased
compared to constant light regimes (e.g. van Leeuwe et al. 2005, Wagner et al. 2006,
Kropuenske et al. 2009, Mills et al. 2010, Shatwell et al. 2012). This indicates increased costs
imposed by continuous photoacclimation and/or time spent under non-optimal configuration
of the core physiological apparatus. Despite these general trends, large differences in the
magnitude of responses were observed between studies. Furthermore, some species were
shown to acclimate their photosynthetic apparatus to average light levels (van Leeuwe et
al. 2005, Shatwell et al. 2012), but other species to the highest irradiances of a dynamic
50
5. Publication III
light field (Kropuenske et al. 2009, van de Poll et al. 2007). These differences can be
attributed to a high level of interspecific variability, but also to the fact that these studies
varied greatly in amplitude, frequency and average levels of applied irradiances. Furthermore,
the effects of other environmental conditions (e.g. temperatures, nutrient concentrations,
seawater carbonate chemistry) on the integrated physiological configuration of phytoplankton
cells (Behrenfeld et al. 2008) may also influence their ability to cope with fluctuating light
fields.
Primary production is dependent on the successful realization of various physiological
processes that phytoplankton cells have to keep in balance (Falkowski & Raven 1997). For
instance, changes in light harvesting need to be balanced by the sum of all downstream
processes. The short-term evolution of O2 and production of energy carriers and reductive
equivalents (ATP and NADPH), however, does not directly translate into biomass build-up or
growth on longer time scales (Behrenfeld et al. 2008). In between stages, at which the rates
of photosynthesis and primary production can be measured, a number of energy consuming
processes (e.g. protein biosynthesis, cell division, carbon concentrating mechanisms; CCMs)
as well as complex cascades of sensing, signalling and regulation take place (Wilson et al.
2006). Changes in environmental conditions (e.g. light regime) will inevitably impact the
balance of cellular processes, affecting the coupling of photosynthetic light harvesting to
carbon fixation. Therefore, short- and long-term processes as well as the balance between
both need to be studied under different environmental settings, especially with respect to
climate change (e.g. Ocean Acidification).
Owing to the high solubility of CO2 under low water temperatures (Sarmiento et al.
2004), the effects of increased CO2 concentrations and decreased pH on SO phytoplankton
have gained increasing attention (Tortell et al. 2008, Feng et al. 2010, Boelen et al. 2011,
Hoogstraten et al. 2012a, Hoogstraten et al. 2012b, Hoppe et al. 2013, Trimborn et al. 2013).
The observed sensitivity of phytoplankton to these changes, commonly referred to as Ocean
Acidification (OA), can be attributed to different aspects of carbonate chemistry. On the
one hand, OA might influence electrochemical membrane potentials and enzyme activities
through changes in pH (Kramer et al. 2003) and possibly increases the energetic costs for
pH homeostasis (Taylor et al. 2011). On the other hand, phytoplankton may benefit from
OA through the increased supply of CO2, which is the substrate of the enzyme ribulose-
1,5-bisphosphate carboxylase/oxigenase (RubisCO). This carbon-fixing enzyme has a poor
affinity for CO2, with half-saturation constants (KM ) being higher than the current levels of
aquatic CO2 (KM = 20-70 µmol L
−1; Badger et al. 1998). To overcome substrate-limitation
arising from this, phytoplankton employ so-called carbon concentrating mechanisms (CCMs),
which increase the CO2 concentration at RubisCO (Reinfelder 2011). An increase of external
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CO2 availability may lead to lowered metabolic costs to run the CCM (Burkhardt et al.
2001, Rost et al. 2003, Trimborn et al. 2008). Results on the CO2-sensitivity of diatom-
dominated SO phytoplankton assemblages vary greatly between studies, indicating little to
high potential for CO2 fertilisation (Tortell et al. 2008, Feng et al. 2010, Hoppe et al. 2013).
Also, observed changes in growth and physiology of isolated diatom species differ in this
respect (Riebesell et al. 1993, Boelen et al. 2011, Hoogstraten et al. 2012a, Trimborn et al.
2013, Trimborn et al. 2014).
There is more and more evidence that besides intra- and interspecific variability (Langer
et al. 2009, Trimborn et al. 2013), also experimental conditions significantly impact OA
responses. Besides the impact of temperature (Feng et al. 2008, Tatters et al. 2013) and
nutrient availability (Fu et al. 2010, Lefebvre et al. 2012, Sugie & Yoshimura 2013, Hoppe et
al. 2013), the effect of light intensities on OA responses has been proven especially important
(Kranz et al. 2010, Ihnken et al. 2011, Gao et al. 2012a). In the haptophyte Emiliania
huxleyi, for example, the CO2-sensitivity of carbon fixation and calcification was greatly
enhanced under low compared to high light (Rokitta & Rost 2012). Several studies on
diatoms have furthermore shown an increased susceptibility towards photoinhibition under
elevated pCO2 levels (Wu et al. 2010, McCarthy et al. 2012, Li & Campell 2013). Even
though all of these studies increased our knowledge on interactive effects between OA and
light intensities, the transferability on processes in the ocean, where light intensities are highly
dynamic, is questionable.
In addition, also photoacclimation can be influenced by CO2 concentrations, as changes
in CCM and RubisCO activity alter not only the amount of electrons being used in the
Calvin cycle, but also its short-term plasticity (Tortell et al. 2000, Reinfelder 2011). It
therefore seems likely that OA and dynamic light regimes interactively affect phytoplankton
cells. Up to date, only very limited and somehow contradictory data on this interaction is
available. Boelen et al. (2011) did not observe significant effects of OA under neither constant
nor dynamic light for the Antarctic diatom Chaetorecos brevis. In the coccolithophore
Gephyrocapsa oceanica, the combination of high pCO2 and short-term (2 h) exposure to
dynamic light led to lowered carbon fixation compared to ambient pCO2 and constant light
(Jin et al. 2013). To further investigate possible interactive effects of dynamic light and OA,
we acclimated a strain of the bloom-forming SO diatom species Chaetoceros debilis to two
pCO2 levels (390 and 1000 µatm) as well as two light regimes (constant and dynamic light),
the latter yielding the same integrated irradiance over the day (90 µmol photons m−2 s−1).
This matrix approach was applied in order to test the hypothesis that dynamic light may
diminish the beneficial effect of elevated pCO2 often observed under constant light, and to
understand the physiological mechanisms underlying the general acclimation responses.
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5.3 Material and methods
5.3.1 Culture conditions
Monoclonal cultures of the diatom Chaetoceros debilis Cleve 1894 (isolated in 2004 by P.
Assmy during R/V Polarstern cruise ANT-XXI/3, European Iron Fertilization Experiment
[EIFEX], In-Patch, 49◦36’S, 02◦05’E; re-isolated by C. Hoppe in 2011) were grown in 1L
semi-continuous dilute-batch cultures (2000 - 65000 cells mL−1; diluted every 4-5 days) at
3 ±0.4◦C in a 16:8 light:dark cycle. Media consisted of 0.2 µm sterile-filtered Antarctic
seawater with a salinity of 33 enriched with 100 µmol L−1 nitrate, 6.25 µmol L−1 phosphate
and 100 µmol L−1 silicate. Trace metals and vitamins were added according to F/2 medium
(Guillard & Ryther 1962).
For the constant light treatments (Figure 5.1), an irradiance of 90 ±10 µmol photons
m−2 s−1 was applied. Also for the dynamic light treatments (Figure 5.1), an integrated
irradiance of 90 ±10 µmol photons m−2 s−1 was applied. The dynamic light field was
calculated assuming a spring situation with a mixed layer depth of 80 m, a mixing speed
of 0.014 m s−1 (Denman & Gargett 1983), 5 mixing cycles per day and an attenuation
coefficient of 0.04 m−1, leading to a maximum irradiance of 490 µmol photons m−2 s−1.
The dynamic light modulation was controlled via the Control2000 programme of a Rumed
incubator (1301, Rubarth Apparate). In both light treatments, irradiance was provided by
identical daylight lamps (Philips Master TL-D 18W; emission peaks at wavelength of 440,
560 and 635 nm), i.e. exposing the phytoplankton to the same spectral composition in all
Figure 5.1: - Irradiances [µmol photons m−2 s−1] over the day in the constant (dashed line)
and dynamic (solid line) light regimes.
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treatments. Light intensities were adjusted by neutral density screens and monitored using
a LI-1400 data logger (Li-Cor) equipped with a 4pi-sensor (Walz).
Different pCO2 conditions were achieved by continuously and gentle aeration of the
incubation bottles with air of different CO2 partial pressures (390 and 1000 µatm; gas flow
rates approx. 90 ±10 mL min−1) delivered through sterile 0.2 µm air-filters (Midisart 2000,
Sartorius stedim). Gas mixtures were generated using a gas flow controller (CGM 2000 MCZ
Umwelttechnik), in which CO2-free air (<1 ppmv CO2; Dominick Hunter) was mixed with
pure CO2 (Air Liquide Deutschland). The pCO2 in the mixed gas was regularly monitored
with a non-dispersive infrared analyzer system (LI6252, LI-COR Biosciences) calibrated with
CO2-free air and purchased gas mixtures of 150 ±10 and 1000 ±20 ppmv CO2 (Air Liquide
Deutschland). Cultures were acclimated to treatments conditions for at least 10 generations
prior to sampling, never exceeding 65,000 cells L−1 during this time period.
5.3.2 Carbonate chemistry
Samples for total alkalinity (TA; n=14) were 0.6 µm filtered (glass fibre filters, GF/F,
Whatman) and stored in borosilicate bottles at 3◦C. TA was estimated from duplicate poten-
tiometric titration (Brewer et al. 1986) using a TitroLine alpha plus (Schott Instruments) and
corrected for systematic errors based on measurements of certified reference materials (CRMs
provided by Prof. A. Dickson, Scripps, USA; batch #111; reproducibility ±5 µmol kg−1).
Dissolved inorganic carbon (DIC; n=14) samples were filtered through 0.2 µm cellulose-
acetate filters (Sartorius stedim) and stored in gas-tight borosilicate bottles at 3◦C. DIC
was measured colorimetrically in triplicates with a QuAAtro autoanalyzer (Seal; Stoll et al.
2001). The analyser was calibrated with NaHCO3 solutions (with a salinity of 35, achieved
by addition of NaCl) to achieve concentrations ranging from 1800 to 2300 µmol DIC kg−1.
CRMs were used for corrections of errors in instrument performance such as baseline drifts
(reproducibility ±8 µmol kg−1). Seawater pHtotal (n=14) was measured potentiometrically
with a two-point calibrated glass reference electrode (IOline, Schott Instruments). An internal
TRIS-based reference standard (Dickson et al. 2007) was used to correct for variability on
electrode performance (reproducibility ±0.015 pH units). Following suggestions by Hoppe et
al. (2012), seawater carbonate chemistry (including pCO2) was calculated from TA and pH
using CO2SYS (Pierrot et al. 2006). The dissociation constants of carbonic acid of Mehrbach
et al. (1973; refit by Dickson & Millero, 1989) were used for calculations. Dissociation
constants for KHSO4 were taken from Dickson (1990).
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5.3.3 Growth, elemental composition and production rates
Samples for cell counts were fixed with Lugols solution (1% final concentration) and
counted on a light microscope (Axio Observer.D1, Zeiss) after 24 h sedimentation time
in 10 mL Utermo¨hl chambers (Hydro-Bios; >1700 cells counted per sample). Samples for
determination of chlorophyll a (Chl a) were filtered onto 0.6 µm glass-fibre filters (GF/F,
Whatman), immediately placed into liquid nitrogen and stored at -80◦C until analysis. Chl
a was subsequently extracted in 8 mL 90% acetone (2-3 h at 4◦C). After removal of the
filter, concentrations were determined on a fluorometer (TD-700, Turner Designs), using an
acidification step (1M HCl) to determine phaeopigments (Knap et al. 1996). Growth rate
determinations started 1-2 days after re-dilution from daily Chl a sampling (n=3) over 4 days
within the first 15 min of the dark-phase and calculated as
µ = (ln([Chla]t1)− ln([Chla]t2))/∆t (5.1)
where [Chl v]t1 and [Chl a]t2 denote the Chl a concentrations at the respective sampling days
t1 and t2 and ∆t is the corresponding incubation time in days. Particulate organic carbon
(POC) and nitrogen (PON) were measured after filtration onto precombusted (15h, 500◦C)
glass-fibre filters (GF/F 0.6 µm nominal pore size; Whatman). Filters were stored at -20◦C
and dried for at least 12 h at 60◦C prior to sample preparation. Analysis was performed
using a CHNS-O elemental analyser (Euro EA 3000, HEKAtech). Contents of POC and
PON were corrected for blank measurements and normalised to filtered volume and cell
densities to yield cellular quotas. Biogenic silica (BSi) filtered onto 0.5 µm cellulose-acetate
filters and determined spectrophotometrically after treatment with a molybdate solution as
described in Koroleff (1983). Production rates of Chl a, POC, PON and BSi were calculated
by multiplying the cellular quota with the growth rate of the respective culture. In order to
diminish possible short-term effects arising from changes in irradiance fields in the dynamic
treatments, all samples were taken within the first 30 min of the dark-phase.
5.3.4 Chl a-specific Primary production
Chl a-specific net primary production (NPP) rates were determined in triplicates by
incubation of 20 mL of culture with 20 µCi NaH14CO3 spike (53.1 mCi mmol
−1; Perkin
Elmer) in 20 mL glass scintillation vials for 24 h under experimental conditions. From these
incubations, 0.1 mL aliquots were immediately removed, mixed with 15 mL of scintillation
cocktail (Ultima Gold AB, PerkinElmer) and counted after 2 h with a liquid scintillation
counter (Tri-Carb 2900TR, PerkinElmer) to determine the total amount of added NaH14CO3
(DPM100%). For blank determination (DPM0%), one replicate was immediately acidified with
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0.5 mL 6M HCl. After 24 h of incubation, 14C incorporation was stopped by adding 0.5 mL 6M
HCl to each vial. The entire sample was then left to degas and dry in a custom-build chamber.
When samples were completely dry (1-2 d), 5 mL milli-Q water were added to resuspend the
sample. Subsequently, 15 mL of scintillation cocktail (Ultima Gold AB, PerkinElmer) were
added and samples were measured after 2 h with a liquid scintillation counter (Tri-Carb
2900TR, PerkinElmer). NPP rates [mol C (mol Chl a)−1 d−1] were calculated as
NPP = ([DIC]× (DPMsample −DPM0%)× 1.05)/(DPM100% × t× [Chl a]) (5.2)
where [DIC] and [Chl a] denote the concentrations of dissolved inorganic carbon and Chl
a in the sample, respectively. DPMsample denotes the disintegrations per minute (DPM) in
the samples, DPM0% reflects the blank value, and DPM100% denotes the DPM of the total
amount of NaH14CO3 added to the samples, and t is the duration of the incubation.
5.3.5 Variable Chl a fluorescence
Photophysiological characteristics (Table 5.1), based on photosystem II (PSII) variable Chl
a fluorescence, were measured using a fast repetition rate fluorometer (FRRF; FastOcean
PTX, Chelsea Technologies) in combination with a FastAct Laboratory system (Chelsea
Technologies). The excitation wavelength of the fluorometers light-emitting diodes (LEDs)
was 450 nm, and the applied light intensity was 1.3 × 1022 photons m−2 s−1.The FRRf was
used in single turnover mode, with a saturation phase comprising 100 flashlets on a 2 µs pitch
and a relaxation phase comprising 40 flashlets on a 50 µs pitch. All measurements (n=3)
were conducted in a temperature-controlled chamber at 3 ±0.3◦C.
In the middle of the dark phase (4h after offset of light), minimum (F0, F0’) and
maximum Chl a fluorescence (Fm, Fm’90), absorption cross section of PS II photochemistry
(σPSII , σPSII ’90), reoxidation time of the plastoquinone pool (τ , τ ’90), connectivity between
PSIIs (ρ, ρ’90; assuming the homogeneous model), all both after dark acclimation for 3
minutes and acclimation to an average light level of 90 mol photons m−2 s−1 for 90 seconds,
as well as relative electron transfer rates through PSII (rETR) from each light- and dark-
acclimated measurements were estimated from iterative algorithms for induction (Kolber et
al. 1998) and relaxation phase (Oxborough 2012). Maximum quantum yield efficiencies of
PSII (apparent PSII photochemical quantum efficiency; Fv/Fm) was estimated as
Fv/Fm = (Fm − F0)/Fm (5.3)
Fluorescence based photosynthesis-irradiance curves (PI) were conducted four times a day
(1h and 8h after the onset of light as well as directly after and 4h after the onset of darkness)
at 15 irradiance levels between 6 and 650 µmol photons m−2 s−1, with an acclimation time
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of 90 s per light step. Longer acclimation time (6 min) yielded generally higher rETRmax,
but under these conditions no differences between treatments were observed (data not shown;
Ihnken et al. 2010).
Non-photochemical quenching of Chl fluorescence (NPQ) at irradiances of 490 and 650
µmol photons m−2 s−1 (i.e. the maximum irradiance applied in the dynamic light cycle as
well as the maximum irradiance step of the PI curve) were calculated using the normalized
Stern-Volmer coefficient as described in Oxborough (2012) and McKew et al. (2013):
NPQ = (F′q/F
′
v)− 1 = F′0/F′v (5.4)
where F0’ was measured after each light step (with a duration of 90 s).
Following the suggestion by Silsbe & Kromkamp (2012), the light-use efficiency (α [mol
e− m2 (mol Chl a)−1 (mol photons)−1]), and the light saturation index (IK [mol photons m−2
s−1]) were estimated by fitting the data to the model by Webb et al. (1974). The maximum
electron transport rates (ETRmax [mol e
− (mol Chl a)−1 s−1]) were estimated after applying
a beta phase fit as described by Oxborough (2012). The relative ETR (rETR) were converted
to absolute rates by applying a correction factor derived from the relationship between rETR
and JVPSII ([mol e
− m−3 d−1]; provided by FastPro software as described in Oxborough
et al. 2012) from each individual dataset and dividing it by the Chl a concentration of the
sample. Daily integrated electron transport rates (ETR24h [mol e
− (mol Chl a)−1 d−1])
were estimated by calculating electrons transported in 5 minute steps of I values of both
light regimes using α, IK and ETRmax from the PI curve measured closest to the time point
of interest. Chl a concentrations for normalizations were corrected using the growth rate
and the time difference between FRRF and Chl a measurements. To estimate the energy
transfer efficiency from photochemistry to biomass build-up, the electron requirement for
carbon fixation (Φe,C [mol e
− (mol C)−1]) was calculated for each treatment by dividing the
ETR24h by NPP (expressed as molar quantities).
5.3.6 Statistics
All data is given as the mean of the replicates with ± one standard deviation. To test
for significant differences between the treatments, two-way analyses of variance (ANOVA)
with additional normality (Shapiro-Wilk) and Post Hoc (Holm-Sidak method) tests were
performed. The significance level was set to 0.05. Statistical analyses were performed with
the program SigmaPlot (SysStat Software Inc).
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5.4 Results
5.4.1 Carbonate chemistry
Continuous aeration with air of desired CO2 partial pressure (390 and 1000 µatm) as well
as regular dilution of cultures with pre-aerated seawater medium led to stable carbonate
chemistry over the course of the experiment (Table 5.2) and to significant differences between
pCO2 (ANOVA, p<0.001 for DIC, pH and pCO2), but not light treatments (ANOVA,
p>0.05). In the ambient treatments, pCO2 were 385 ±31 µatm for constant and 396 ±30
µatm for dynamic light. In the OA treatments, pCO2 levels were 972 ±35 µatm for constant
and 1007 ±30 µatm for dynamic light. Over the duration of the experiment (>5 weeks), the
drift in DIC and TA compared to abiotic controls were <2 and <4%, respectively.
5.4.2 Growth rates and elemental composition
Chl a-specific growth rates (Table 5.3, Figure 5.2A) under constant light conditions were
similarly high, being 0.53 ±0.03 d−1 and 0.56 ±0.03 d−1 in ambient and high pCO2
treatments, respectively. Under dynamic light, growth rates were significantly lower than
under constant light (ANOVA, F=51; p<0.001). Under these conditions, growth rates were
unaffected by the applied pCO2 treatments, being 0.44 ±0.01 d−1 at ambient and 0.42 ±0.03
d−1 at high pCO2.
With respect to the amount of Chl a per cell (Table 5.3), we observed significant effects
of both pCO2 (ANOVA, F=28; p<0.001) and light treatments (ANOVA, F=6; p=0.047).
Under dynamic light, Chl a quotas significantly decreased with increasing pCO2 (post-hoc,
p<0.001), while they remained unaffected by OA under constant light, leading to a significant
interactive effect of pCO2 and light level on cellular Chl a quotas (ANOVA, F=21; p=0.002).
Similarly, also the production of Chl a per cell (Table 5.3, Figure 5.2 B) was significantly
affected by both pCO2 (ANOVA, F=28; p<0.001) and light (ANOVA,
Table 5.2: Seawater carbonate chemistry - DIC [µmol kg−1], TA [µmol kg−1], pHtotal and
pCO2 [µatm] were sampled regularly over the course of the experiments (n=14; mean ±1 s.d.).
pCO2 was calculated from TA and pHtotal at 3
◦C and a salinity of 34 using CO2SYS (Pierrot et
al. 2007), and concentrations of 12 and 108 µmol kg−1 for phosphate and silicate, respectively.
Treatment DIC TA pHtotal pCO2
Constant light 390 µatm CO2 2092 ±15 2250 ±27 8.05 ±0.02 385 ±18
Constant light 1000 µatm CO2 2202 ±29 2258 ±18 7.66 ±0.03 973 ±28
Dynamic light 390 µatm CO2 2101 ±27 2263 ±33 8.03 ±0.02 400 ±17
Dynamic light 1000 µatm CO2 2203 ±25 2252 ±27 7.65 ±0.02 1026 ±31
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Figure 5.2: - Chl a-specific rowth rates (A), production rates of Chl a (B), POC (C), PON
(D) and BSi (E) as well as cellular C:N ratios (F) of C. debilis at pCO2 levels of 390 µatm (open
bars) and 1000 µatm (filled bars) under constant and dynamic light regimes (n=3; mean ±1 s.d.).
Letters indicate significant (p<0.05) differences between light treatments (a), pCO2 treatments
(b) and significant interactions between light and pCO2 treatments (c).
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F=6; p=0.047). Both factors also had an interactive effect on production rates (ANOVA,F=21;
p=0.002), which led to a significant decrease in Chl a production under dynamic light and
increasing pCO2 (post-hoc, p<0.001). The ratio of Chl a : C (Table 5.3) was not significantly
affected by any treatment.
Cellular quota of particulate organic carbon (POC; Table 5.3) under constant light
did not differ between ambient and high pCO2, whereas they significantly decreased with
increasing pCO2 under dynamic light (post-hoc test, p=0.010; significant ANOVA interaction
between pCO2 and light, F=9; p=0.018). Overall, POC production (Table 5.3, Figure 5.2C)
under constant light was not significantly affected by pCO2 or light. Under dynamic light
conditions, however, POC production significantly decreased with increasing pCO2 (post-
hoc, p=0.009), resulting in a significant interaction term between pCO2 and light conditions
(ANOVA, F=9; p=0.018).
Cellular quota of particulate organic nitrogen (PON; Table 5.3) were significantly
reduced under high compared to ambient pCO2 (ANOVA, F=14; p=0.006), irrespective
of the light conditions applied. Also the production of PON (Table 5.3, Figure 5.2 D)
decreased significantly with decreasing pCO2 (ANOVA, F=11; p=0.01). PON production was
significantly higher under constant compared to dynamic light (ANOVA, F=23; p=0.001).
Under constant light, C : N ratios significantly increased with increasing pCO2 (Table 5.3,
Figure 5.2 F; post-hoc, p=0.017). Under dynamic light, no such response was observed.
Significant differences in C : N ratios between the light treatments were observed under high
pCO2 only (post-hoc, p=0.033).
Cultures exhibited a highly significant decline in the cellular quota of biogenic silica
(BSi; Table 5.3) with increasing pCO2 (ANOVA, F=38; p<0.001), irrespective of the applied
light treatment. The decline in BSi quota under dynamic light was smaller than under
constant light, but also significant (ANOVA, F=9; p=0.020). We also observed a highly
significant decrease in BSi production (Table 5.3, Figure 5.2 E) with increasing pCO2
(ANOVA, F= 38; p<0.001). Furthermore, BSi production was significantly lower under
dynamic compared to constant light (ANOVA, F=90; p<0.001).
5.4.3 Chl a-specific net primary production
Chl a-specific net primary production (NPP; Table 5.3, Figure 5.3) under constant light
increased slightly, yet insignificantly, with increasing pCO2. Under dynamic light, NPP was
lower than under constant light (ANOVA, F=27; p<0.001). Under these conditions, NPP
was furthermore significantly decreased with increasing pCO2 (post-hoc, p<0.001), resulting
in a significant interaction between pCO2 and light conditions (ANOVA, F=7; p=0.034).
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5.4.4 Chl a fluorescence-based photophysiology
The dark-acclimated quantum yield efficiency of PSII (Fv/Fm; Table 5.4) was similar in
all treatments with values of 0.53 ±0.01. The effective quantum yield efficiency under the
average daily irradiance (90 µmol photons m−1 s−1 ;Fq’/Fm’90; Table 5.4) measured after 4h
of darkness was significantly higher in the dynamic compared to constant light treatments
(ANOVA, F=165; p<0.001), irrespectively of the pCO2 applied. No relationship between
the dark-acclimated functional absorption cross-section of PSII (σPSII ; Table 5.4) or the
functional absorption cross-section of PSII acclimated to the average light intensity (σPSII ’90;
Table 5.4) and the applied treatments was observed. The dark-adapted connectivity between
PSII reaction centres (ρ; Table 5.4), however, was significantly lower under constant compared
to dynamic light (ANOVA, F=50; p<0.001) as well as significantly larger under ambient
compared to high pCO2 (ANOVA, F=6; p=0.036). The connectivity under average daily
irradiances (ρ’90; Table 5.4) was significantly higher under dynamic compared to constant
light (ANOVA, F=88; p<0.001), but not affected by pCO2. The dark-acclimated re-oxidation
time after saturation of PSII (τ ; Table 5.4) as well as the re-oxidation time under average daily
irradiance (τ ’90) was not affected by pCO2 or light treatments. Neither non-photochemical
quenching (NPQ) at 490 µmol photons m−1 s−1 (Table 5.4) nor at 650 µmol photons m−1
s−1 (data not shown) was affected by the applied treatments.
Also the fitted parameters of nighttime FRRf-based PI curves were only slightly
influenced by the experimental treatments. The maximal electron transport rates through
PSII (ETRmax; Table 5.4) did not differ between treatments. In addition, also the maximum
PSII light-use efficiency (α; Table 5.4) was similar under all applied conditions. The PSII
light-saturation point (IK ; Table 5.4), however, was significantly higher under dynamic
compared to constant light (ANOVA, F=37; p<0.001), while pCO2 levels had no effect.
Cumulative electron transport rates over 24h (ETR24h; Table 5.3) of the treatments
were not significantly different. The electron requirement for carbon fixation (Φe,C ; Table
5.3), however, was significantly higher under dynamic compared to constant light (Figure
3; ANOVA, F=117; p<0.001). While Φe,C decreased with increasing pCO2 under constant
light (post-hoc, p=0.023), the opposite trend was observed under dynamic light (post-hoc,
p=0.002). This led to a highly significant interaction term between light treatments and
pCO2 levels (ANOVA, F=28; p<0.001).
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Figure 5.3: - Chl a-specific net primary production (NPP [µmol C (µmol Chl a)−1 d−1]; A)
and electron requirement for carbon fixation (Φe,C [mol e
− (mol C)−1]; B) at pCO2 levels of
390 µatm (open bars) and 1000 µatm (filled bars) under constant and dynamic light regimes
(n=3; mean ±1 s.d.).Letters indicate significant (p<0.05) differences between light treatments
(a), pCO2 treatments (b) and significant interactions between light and pCO2 treatments (c).
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5.5 Discussion
5.5.1 Dynamic light exerts high metabolic costs
Prevailing strong winds lead to deeply mixed surface layers and highly dynamic light regimes
in the SO (Nelson & Smith 1991). Phytoplankton species occurring in this environment
can therefore be expected to cope well with dynamic light conditions. In fact, cellular POC
and PON quotas as well as C : Chl a at 390 atm µatm pCO2 did not differ between the
light treatments in C. debilis (Table 5.3). The maintenance of cellular stoichiometry under
dynamic light was achieved at the expense of growth and biomass build-up (Table 5.3, Figures
5.2 and 5.3). A decline in growth rates under dynamic light is an overarching pattern observed
in several studies (Van de Poll et al. 2007, Mills et al. 2010, Boelen et al. 2011, Shatwell et
al. 2012). Cells grown under dynamic light furthermore had a higher light-saturation point
(IK ; Table 5.4). Such changes in IK are normally associated with an increase in irradiance
levels (Behrenfeld et al. 2004), but also seem to be an acclimation response to dynamic light
regimes. Even though the resulting daily integrated ETR24h were not affected by the different
light regimes (Table 5.3), NPP (Figure 5.3) and biomass build-up (Figure 5.2) under dynamic
light were significantly lowered. This implies that under dynamic light, the overall energy
conversion efficiency from photochemistry to biomass production was substantially reduced
(Wagner et al. 2006, Ihnken et al. 2011, Su et al. 2012, Jin et al. 2013).
In fact, the electron requirement of carbon fixation (Φe,C ; Figure 5.3) was significantly
higher under these conditions, hinting towards an increase in other electron consuming
processes such as photorespiration or alternative electron cycling (Pra´sil et al. 1996, Badger
et al. 2000, Waring et al. 2010, Thamatrakoln et al. 2013). While theoretically, Φe,C should
be 4-6 mol e− (mol C)−1 (Genty et al. 1989, Suggett et al. 2009), the estimates for Φe,C
in this study range between roughly 2 and 5 mol e− (mol C)−1 (Table 5.3). Values between
1.2 and 54.3 mol e− (mol C)−1 have been previously observed in field studies and laboratory
experiments (Suggett et al. 2009, Lawrenz et al. 2013). Φe,C <4 mol e
− (mol C)−1 have
been attributed to systematic errors in the ETR calculations (Lawrenz et al. 2013). In
addition, differences in temporal scales between measures (e.g. Kromkamp & Forster 2003),
short-term light acclimation as well as normalization procedures may lead to a systematic
underestimation of ETRs. Irrespectively, the observed trend indicates comparably low energy
transfer efficiency under dynamic light, which may explain the observed decrease in growth
and NPP compared to constant light.
Diatom cells growing under dynamic light need to adjust their photosynthetic
apparatus to achieve a balance between photoprotection at high light and effective light-
harvesting at low light. In line with other studies on dynamic light (van de Poll et al. 2007,
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Kropuenske et al. 2009, Alderkamp et al. 2012, Su et al. 2012), we did not observe an
increase in NPQ capacity (Table 5.4). Successful photoprotection may be achieved via other
processes such as increased connectivity ρ (Table 5.4; Trimborn et al. 2014) or the induction
of alternative electron pathways (e.g. Mehler reaction, electron flow around PSII or PSI)
that can supplement the xanthophyll cycle in diatoms (Pra´sil et al. 1996, Asada et al. 1999,
Waring et al. 2010). These could have contributed to the observed increase in Φe,C (Figure
5.3) under dynamic compared to constant light.
In addition, an insensitivity of electron transport towards high-light stress does not
mean that no photodamage of reaction centres occurs. In fact, an uncoupling of between
PSII inactivation and the rate of electron flow has been described as a common mechanism
for phytoplankton occurring under natural light regimes (Behrenfeld et al. 1998). The
uncoupling can be explained by the presence of ’excess PSII capacity’, i.e. more reaction
centres than actually needed, allowing for high photochemical efficiencies even if light-
dependent photoinactivation of PSII increases (Behrenfeld et al. 1998). This overproduction
and subsequent repair of PSII, including the susceptible D1 subunit and associated proteins,
imposes high metabolic costs for the phytoplankton cell (Raven 2011). Whether or not
the costs, being associated with the high-light phases of the dynamic light treatment, get
compensated for by the subsequent period of low light depends on the rates of both, the
changes in light intensity and D1 repair (Behrenfeld et al. 1998, Marshall et al. 2000). In the
here tested scenarios, we did not observe the manifestation of photoinhibition (Figure SI5.1).
Therefore, we postulate that a large fraction of the decline in energy conversion efficiency
from photochemistry to biomass production under dynamic light (Φe,C ; Figure 5.3, Table 5.3)
results from increased metabolic costs of elevated D1 turnover at high light in combination
with the consequences of light limitation in the low light phases.
5.5.2 Ocean Acidification increases energy use efficiency under constant
light
CO2 has been shown to differentially affect SO diatoms on the species level (Boelen et al.
2011, Hoogstraten et al. 2012a, Hoogstraten et al. 2012b, Trimborn et al. 2013, Trimborn et
al. 2014) as well as in natural communities (Tortell et al. 2008, Feng et al. 2010, Hoppe et al.
2013). The Antarctic diatom C. debilis was shown to exhibit increased energy use efficiencies
(i.e. higher growth rates, but lower O2 evolution) as well as decreased dark respiration under
high pCO2 and constant light (Trimborn et al. 2013, Trimborn et al. 2014). In the present
study, C : N ratios were higher under OA and constant light, while growth rates and primary
production (NPP) of C. debilis were only slightly stimulated under these conditions (Table
5.3, Figures 5.2 and 5.3). Similarly, two other species of Chaetoceros showed little or no
67
5. Publication III
growth response to OA, but results seemed to also depend on the applied light levels (Boelen
et al. 2011, Ihnken et al. 2011). In CO2 manipulation experiments with SO phytoplankton
communities, Chaetoceros was found to benefit from elevated pCO2 as this genus dominated
the applied OA treatments (Tortell et al. 2008, Feng et al. 2010). Such responses have often
been attributed to the mode of CCMs, which can differ in the ability to reach rate-saturation
and to respond to environmental changes as well as in the associated costs of these processes.
In the case of diatoms, CCMs have been shown to be very effective avoiding carbon limitation,
but also to be regulated as a function of external CO2 concentration (e.g. Raven & Johnston
1991, Trimborn et al. 2009, Hopkinson et al. 2011). Elevated pCO2 is thought to lead to
a down-regulating of CCM activity, thereby reducing the overall costs of carbon acquisition
(Burkhardt et al. 2001, Rost et al. 2003, Hopkinson et al. 2011). Even though Trimborn et
al. (2013) observed a rather constitutively expressed CCM for C. debilis, it can be speculated
that higher gross CO2 uptake under elevated pCO2 may have caused the observed stimulation
in growth. In conclusion, the often documented beneficial OA effects at constant light may,
to a large degree, be explained by overall lowered costs of the CCM.
Through the regulation of CCMs and RubisCO concentrations also photoacclimation
can be influenced by CO2 concentrations, as it changes the amount of electrons being used
during carbon fixation (Tortell et al. 2000, Reinfelder 2011). Trimborn et al. (2014)
showed strong effects of short-term exposure to low pCO2 levels on various photophysiological
parameters in C. debilis. In the current study, most photophysiological parameters such as
NPQ490 or σPSII did not change. The connectivity between reaction centres ρ, however,
decreased with increasing pCO2 under constant light (Table 5.4), maybe indicating a
decreased need for photoprotection. With respect to the balance between light and dark
reaction of photosynthesis, however, we observed a significant decrease in Φe,C (Figure 5.3)
with increasing pCO2 under constant light. This implies that the Calvin cycle acts as a
better energy sink under elevated pCO2, as has been proposed by Trimborn et al. (2014). A
significant decrease in Φe,C also means that the electron use efficiency increased, which could
explain the beneficial effects of OA (Figures 5.2 and 5.3).
5.5.3 Dynamic light reverses the responses to Ocean Acidification
In line with previous findings on Chaetoceros (Boelen et al. 2011, Ihnken et al. 2011), we
observed slight, yet insignificant enhancement in growth, POC production and NPP with
increasing pCO2 (Figures 5.2 and 5.3). In other studies, growth or NPP of Chaetoceros
were strongly stimulated under elevated pCO2 and constant light conditions (Tortell et al.
2008, Feng et al. 2010, Trimborn et al. 2013, Hoppe et al. 2013). When comparing
these trends with the OA responses from the dynamic light treatments, a completely
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different picture emerges: POC production and NPP decrease under OA by about 30 and
50%, respectively. The putatively beneficial effects of elevated pCO2 seem not only to be
dampened but even reversed under dynamic light as cells significantly slow down biomass
production. Surprisingly, no such strong differences between light treatments were evident in
the photophysiology under OA. For example, there was no sign of photoinhibition after short-
term exposure to irradiances up to 650 µmol photons m−2 s−1 in any of the treatments (Figure
SI5.1). At higher irradiances, however, rETRs in C. debilis were found to decrease (Trimborn
et al. 2014). The photophysiological results therefore suggest that the excess capacity of
photosynthesis (Behrenfeld et al. 1998) was sufficient to prevent chronic photoinhibition
under the applied assay irradiances (Figure SI5.1). As these photophysiological results do
not explain the decline in POC production and NPP observed under OA and dynamic light
(Figure 5.2 and 5.3), the underlying reason may be associated with an imbalance between
light and dark reactions of photosynthesis.
There is increasing evidence that diatoms are more susceptible to D1 inactivation and
photoinhibition under OA compared to ambient pCO2 levels (Wu et al. 2010, Gao et al.
2012a, McCarthy et al. 2012). Li & Campbell (2013) observed that under OA, Thalassiosira
pseudonana has enhanced growth rates under low, but not high light, a finding that is in line
with studies on cyanobacteria and coccolithophores (Kranz et al. 2010, Rokitta & Rost 2012).
As photosynthesis progressively shifts from light towards carbon limitation under increasing
irradiance, also the CCM activity needs to be increased under these conditions (Beardall 1991,
Rost et al. 2006). The CCM, however, is typically down-regulated under OA (Burkhardt et al.
2001, Rost et al. 2003), which could restrict the capacity to rapidly sink more electrons in the
Calvin cycle or to drain excess energy by HCO3
− cycling under short-term high-light stress
(Tchernov et al. 1997, Rost et al. 2006). This could cause a lower capability to cope with
high light and may increase photoinactivation of PSII under OA (Beardall & Giordano 2002,
Ihnken et al. 2011, Gao et al. 2012b), shifting the susceptibility towards photoinhibition to
lower irradiances. The proposed mechanism implies that under dynamic light, cells exposed
to higher pCO2 levels experience high-light stress for longer time periods compared to cells
grown under ambient pCO2. Under constant light, no photoacclimation to high-light phases
would be needed, so that the OA-induced surplus of energy could be directly used to build
more biomass (Figure 5.2 and 5.3; Tortell et al. 2008, Trimborn et al. 2013). Under dynamic
light, however, this extra energy may lead to higher metabolic costs for photoacclimation
and D1 repair during high-light phases, which apparently cannot be compensated by lowered
operational costs of CCMs, all together explaining the observed increase in Φe,C and decline
in NPP (Figure 5.3).
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Under the here applied conditions, C. debilis seems to be able to circumvent measurable
photoinhibition, even though we speculate that this comes at a high cost, especially under OA
combined with dynamic light. Under higher pCO2 levels as well as higher average or more
dynamic irradiances, however, OA may induce measurable damage to the photosynthetic
apparatus in addition to presumably high metabolic costs incurring from D1 turnover and
photosystems repair (Raven 2011, Li & Campbell 2013). Therefore, also the modulation
of OA responses may vary depending on the light regime applied. Particularly, response
pattern may also be modulated by depth-dependent changes in the spectral composition of
light (Falkowski & LaRoche 1991), which were not investigated in the present study. In view
of the generally high plasticity of photoacclimation in diatoms (Wagner et al. 2006, Lavaud
et al. 2007), the here described interactive effects may be even more pronounced in other
phytoplankton taxa. In any case, our data has demonstrated that a combination of OA
and dynamic light may pose significantly more stress onto phytoplankton than previously
thought.
5.5.4 Implications for ecology and biogeochemistry
Our results have important implications for the current understanding of OA effects on marine
phytoplankton. Even though knowledge from studies obtained under constant light can be
used to explain the responses under dynamic light, the strong modulation of OA responses
is surprising and highlights the need to investigate both physiological (e.g. photophysiology)
and integrated (e.g. growth rates) responses in multifactorial experimental approaches (Boyd
& Hutchins 2012). As has been shown for several environmental variables such as temperature
(Fu et al. 2007, Tatters et al. 2013) or nutrient concentrations (Fu et al. 2010, Lefebvre et
al. 2012, Hoppe et al. 2013), interactive effects need to be considered when predicting future
productivity and ecosystem functioning. As major characteristic of oceanic environments,
dynamic light is an especially important aspect (Mitchell et al. 1991, MacIntyre 2000), which
has been neglected in most OA studies so far. If our results are representative, the proposed
CO2 fertilisation may be dampened or even reversed in many natural environments. In this
context, it is important to consider that anthropogenic CO2 emissions do not only lead to OA,
but also to a warming of the surface ocean (Sarmiento et al. 2004). A concomitant shoaling
of the upper mixed layer would change the integrated intensity and variability of the light
regimes phytoplankton cells encounter (Rost et al. 2008, Steinacher et al. 2010). The genus
of Chaetoceros has been considered a potential winner of OA (Tortell et al. 2008, Trimborn
et al. 2013). In view of the present study, however, potential winners would be species that
benefit from easier carbon acquisition and are able to cope with potentially higher light stress
under OA. This does not seem to be the case for C. debilis.
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Regarding the SO, especially interactions between light and iron stress need to be
considered (Boyd 2002, de Baar et al. 2005, Alderkamp et al. 2012). It is likely that
synergistic effects of iron limitation and dynamic light, both dominant features of this region,
jointly lower the potential benefits of OA. Even though difficult to obtain, more results on
the interaction of these three drivers are desirable. Under iron-enriched conditions, as in
the present study, diatom taxa such as Chaetoceros and Fragilariopsis have been shown
to dominate OA treatments under constant light, suggesting higher potential for export
production (Tortell et al. 2008, Hoppe et al. 2013). The lowered NPP under OA and dynamic
light, however, questions the reliability of such predictions. Also the aspect of ballasting has
to be considered, as siliceous frustules make diatoms efficient vectors for carbon (Sartou et
al. 2005). In line with Milligan et al. (2004), we observed a decline in both cellular BSi
quotas and production rates with increasing pCO2 (Table 5.3, Figure 5.2), which further
argue against a stimulation of the biological carbon pump. Up to now, the effects of dynamic
light on OA-responses observed in this study were unknown. This knowledge will change our
perception of phytoplankton under climate change.
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Figure 5.4: - Night time development of Chl a-specific ETR with increasing irradiance from
constant (filled circles) and dynamic light treatments (filled triangles) at 390 µatm pCO2 as well
as from constant (open circles) and dynamic light treatments (open triangles) at 1000 µatm pCO2
(n=3).
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6.1 Abstract
The Antarctic Circumpolar Current has a high potential for primary production and carbon
sequestration through the biological pump. Development of phytoplankton blooms in this
area is controlled by a complex interaction of light, iron and silica limitation as well as
a strong impact of grazing. In the current study, two large-scale blooms were characterised
with respect to standing stocks, primary production and nutrient budgets. While net primary
productivity was similar in both blooms, chlorophyll a-specific photosynthesis was more
efficient in the bloom closer to the island of South Georgia (39◦W, 50◦S) compared to the
bloom further east (12◦W, 51◦S). Nutrient deficit ratios indicated a higher dependence on
regenerated nutrients at 12◦W compared to 39◦W, leading to a lower potential of the biological
pump. Differences between the two blooms could be explained by their distance to the shelf
and concomitant differences in iron availability.
Keywords: Biological pump; nutrient deficits; Southern Ocean; primary productivity
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6.2 Introduction
The phytoplankton populations of the world’s oceans account for about half of the global
primary production, providing the basis of marine food webs and exerting a major control
on biogeochemical cycles and global climate (Field et al. 1998, Falkowski et al. 1998). The
concentrations of nutrients such as nitrate, phosphate and silicic acid do not only define an
upper limit of phytoplankton productivity, but also determine the potential of the biologically-
mediated export of organic material to the deep ocean, the so-called biological pump (Volk
and Hoffert 1985, Longhurst and Harrison 1989). Its strength generally depends on the degree
to which these nutrients are consumed and recycled in the surface ocean as well as the ratio
of carbon relative to these nutrients in the organic matter sinking to depth (Sigman and
Hain 2012). According to the concept of Dugdale and Goering (1967), on larger spatial and
temporal scales, only an increase in new production (i.e. production based on the uptake
of inorganic nutrients being newly brought into the euphotic zone) can lead to both, larger
standing stocks of higher trophic levels and an increase in the strength of the biological
carbon pump (Jenkins and Goldman 1985, Falkowski et al. 1998). Primary production
based on recycled nutrients (e.g. the use of regenerated nitrogen sources such as ammonia)
is thought to have no net effect on the biological carbon pump (Dugdale and Goering 1967),
even though a decoupling between carbon and nitrogen in sinking matter can change this
picture on shorter temporal scales (Coale et al. 4004, Smetacek et al. 2012).
One area with a great potential for an increase in both new and total production is
the region of the Antarctic Circumpolar Current (ACC). As concentrations of nitrate and
phosphate are high, primary production is limited by other controlling factors (Priddle et al.
1992, Moore et al. 2000a). More specifically, productivity in the ACC region is considered to
be controlled by complex interactions between light (Mitchell and Holm-Hansen 1991, Nelson
and Smith 1991), iron (Martin 1990, de Baar et al. 1995) as well as silica limitation (Brzezinski
et al. 2003), and the effect of grazing (Dubischar and Bathmann 1997, Atkinson et al. 2001).
Changes in these factors are thought to alter productivity and carbon sequestration, thereby
influencing atmospheric CO2 concentrations on geological timescales (Moore et al. 2000b,
Sigman et al. 2010). On the one hand, light-limitation due to deep mixed layers as well as
low availability of iron and other trace metals restrain phytoplankton biomass build-up in the
open ocean areas of the ACC for most part of the year (de Baar et al. 1995, Bathmann et al.
1997). On the other hand, large phytoplankton blooms do occur and account for a significant
proportion of the global primary production and substantial export of organic matter to
depth (Schlitzer 2002). Phytoplankton blooms in open ocean areas of the ACC tend to occur
downstream of land masses and have been associated with fronts, islands and bathymetric
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features, which increase the input of iron and other trace metals into the surface waters and
also positively affect water column stability (Moore et al. 1999, Blain et al. 2001, Strass et
al. 2002, Borrione and Schlitzer 2013). In the Atlantic sector of the Southern Ocean, high
phytoplankton standings stocks and production rates have been observed in the Antarctic
Polar Frontal zone (APF; Read et al. 1995; Bathmann et al. 1997; Bracher et al. 1999,
Moore and Abbott 2000, Tremblay et al. 2002). It has been proposed that, in the APF,
an alleviation of light-limitation in spring leads to the development of phytoplankton blooms
after deep-mixing in winter. The termination of blooms is often caused by a combination of
grazing pressure as well as iron and silica limitation (Abbott et al. 2000, Tremblay et al.
2002).
The effects of these controlling factors are not only difficult to disentangle, they also
interact with each other (e.g. iron limitation decreases photoadaptive capabilities, thereby
affecting light limitation; Sunda and Huntsman 1997). The aim of the present study was
therefore to characterise two different large-scale phytoplankton blooms in the APF region
with respect to biomass, primary production and nutrient usage in order to understand how
different environmental factors influence ACC phytoplankton blooms and their potential for
carbon sequestration.
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6.3 Material and methods
6.3.1 Cruise track and sampling locations
Sampling was conducted in the framework of the ’Eddy-Pump’ project during the ANT-
XXVIII/3 expedition on-board RV Polarstern. Between January and March 2011, the cruise
covered 121 stations, which were distributed on a transect along 10◦E between 44◦S and 53◦S
as well as in two survey areas, one located around 12◦W, 51◦S and the other around 38◦W,
50◦S. In addition to physical properties, nutrient and chlorophyll a (Chl a) concentrations,
primary production was determined at 10 stations in a bloom area at 50 - 52◦S and 13.5 -
11.5◦W (hereafter 12◦W bloom) and 9 stations in a bloom area at 48 - 52◦S and 37 - 39◦W
(hereafter 39◦W bloom; Figure 6.1). All water samples were obtained from Niskin bottles
attached to the Conductivity Temperature Depth (CTD) rosette at different depth (10, 20,
40, 60, 80 and 100 m).
6.3.2 Nutrient measurements and nutrient deficiency calculations
Macronutrients were measured colorimetrically using a ship-board Technicon TRAACS 800
auto-analyzer (Seal Analytics). Ortho-phosphate (PO4
3−) was measured at 880 nm after
the formation of molybdophosphate-complexes (Murphy and Riley 1962). Ortho-silicate
(Si(OH)4) was measured at 820 nm after formation of silica-molybdenum complexes with
oxalic acid being added to prevent the formation of phosphate-molybdenum (Strickland and
Parsons 1968). After nitrate reduction through a copperized cadmium coil, nitrate plus
nitrite (NO3
− + NO2−) was measured at 550 nm after complexation with sulphanylamide and
naphtylethylene-diamine (Grasshoff et al. 1983). Complex formation without the reduction
step was used to determine nitrite concentrations. Nitrate is calculated by subtracting the
nitrite value from the ’NO3+NO2’ value (Grasshoff et al. 1983).
Prior to analysis, all samples and standards were brought to 22◦C in about 2h;
concentrations were recorded in µmol L−1 at this temperature. Calibration standards
were diluted from stock solutions of the different nutrients in 0.2 µm filtered low nutrient
seawater. During every run, a daily freshly diluted mixed nutrient standard, containing
silicate, phosphate and nitrate, the so-called ’NIOZ nutrient cocktail’, was measured in
triplicate. Every 2 weeks, a sterilized ’Reference Material Nutrient Sample’ (JRMNS, Kanso
Technos, Japan) containing known concentrations of silicate, phosphate, nitrate and nitrite
in Pacific Ocean water was analyzed in triplicate. The cocktail and the JRMNS were both
used to monitor the performance of the analyzer. Finally, the NIOZ nutrient cocktail was
used to adjust all data by means of a correction factor. The average standard deviation of
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the NIOZ nutrient cocktail measurements were 0.02 µmol L−1 for phosphate, 0.59 µmol L−1
for silicate and 0.13 µmol L−1 for nitrate (n=113).
Surface nutrient concentrations were calculated as the average of the measured values
for 10-60 m sampling depth, accounting for differences in sampling frequency with increasing
depth. Nutrient deficits for each station were calculated as the differences between the
nutrient concentration in remnant Antarctic Winter Water (AWW) in the layer below the
seasonal pycnocline and the average concentrations above (Jennings et al. 1984, Rubin et
al. 1998, Hoppema et al. 2000). The latter were calculated from nutrient measurements
integrating 10-120 m depths. It should be noted that nutrient deficits are suitable estimates
for annual net community production only if vertical and lateral mixing in both the
temperature minimum and the surface layer are small (Jennings et al. 1984, Hoppema et
al. 2000, Hoppema et al. 2007). The AWW layer, which is characterised by a well-defined
potential temperature minimum visible in CTD profiles, was situated at 150 ±20 m water
depth during the present cruise. Deficit ratios presented in the paper are calculated by
averaging the quotients of the nutrient deficits at each station.
6.3.3 Irradiance estimates
Solar irradiance was measured using a RAMSES hyperspectral radiometer (TriOS GmbH)
placed at the monkey deck of the ship to avoid shading. The sensor measured downwelling
incident sunlight from 350 nm to 950 nm with a spectral resolution of about 3.3 nm.
Plane photosynthetically active radiation (PAR) was calculated as the integral of irradiances
at 400 nm to 700 nm. Prior to the summation, the measurements at each wavelength
were converted from energy content per time [W m−2 s−1] to photon content per time
[µmol photons m−2 s−1] using the Planck’s equation. The integrated PAR [µmol photons
m−2 d−1] to which samples in the on-deck incubator were exposed, was calculated based on
the incubation time of each sample.
6.3.4 Chlorophyll a
Chl a concentrations were determined by two methods: Fluorometry (Chl aFLUO) and high
performance liquid chromatography (HPLC; Chl aHPLC). Except for stations PS79/160 and
PS79/175, where Chl aFLUO data is used, Chl aHPLC data are used for Chl a estimates. The
two Chl a data sets of this cruise produced similar results, showing a significant correlation
with hardly any differences (r2=0.98, p<0.01, n=104, Chl aHPLC = 0.978* Chl aFLUO -
0.0584).
For the Chl aFLUO determination, samples were filtered onto 25 mm diameter GF/F
filters (Whatman) at a vacuum of <100 mmHg. Filters were immediately transferred into
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centrifuge tubes containing 10 mL of 90% acetone and 1 cm3 of glass beads. The tubes were
sealed and stored at -20◦C for at least 30 min and up to 24 h. Chl a was extracted by placing
the centrifuge tubes in a grinder for 3 min followed by centrifugation at 0◦C. The supernatant
was poured into quartz tubes and the Chl a content was quantified in a 10-AU fluorometer
(Turner). Calibration of the fluorometer was carried out at the beginning and at the end of
the cruise, diverging by 2%. Chl a content was calculated using the equation given in Knap
et al. (1996) and the average parameter values from the two calibrations.
For the Chl aHPLC determination, water samples were shock-frozen in liquid nitrogen
and stored at -80◦C until analysis in the home laboratory following the method described
by Hoffmann et al. (2006) adjusted as detailed by Taylor et al. (2011). For calculating Chl
aHPLC the sum of concentrations of monovinyl- and divinyl chlorophyll a and chlorophyllide
a (divinyl chlorophyll a was not detected in our samples) was taken.
6.3.5 Particulate organic carbon and nitrogen
Samples for particulate organic carbon (POC) and nitrogen (PON) were filtered onto pre-
combusted (15h, 500◦C) glass fibre filters (GF/F 0.6 µm nominal pore size; Whatman).
Filters were stored at -20◦C and processed according to Lorrain et al. (2003). Analysis was
performed using a CHNS-O elemental analyser (Euro EA 3000, HEKAtech).
6.3.6 Primary Production
Net primary production (NPP) rates were determined in duplicate by the incubation of 20
mL seawater sample spiked with 20 µCi NaH14CO3 (53.1 mCi mmol
−1; Perkin Elmer) in a
20 mL glass scintillation vial for 24h in a seawater cooled on-deck incubator. Seawater samples
were incubated at different irradiances for 24h on-deck. Irradiance levels were achieved with
neutral density filters decreasing incoming PAR to 25, 12.5, 6.3, 3.1, 1.6 and 0.8%.
After the addition of the NaH14CO3 spike, 0.1 ml aliquots were immediately removed
and mixed with 10 mL of scintillation cocktail (Ultima Gold AB, PerkinElmer). After
2h, these samples were counted with a liquid scintillation counter (Tri-Carb 2900TR,
PerkinElmer) to determine the total amount of added NaH14CO3 (100%). For blank
determination, one additional replicate per sample was immediately acidified with 0.5 ml 6N
HCl. After the outdoor incubation of the samples over 24h, 14C incorporation was stopped
by adding 0.5 ml 6N HCl to each vial. The vials were then left to degas overnight, thereafter
15 ml of scintillation cocktail (Ultima Gold AB) were added and samples were measured after
2h with the same liquid scintillation counter. NPP rates [mg C m−3 d−1] at each sample
depth were calculated as follows:
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NPP [mg C m−3 d−1] = ([DIC]× (DPMsample −DPMblank)× 1.05)/(DPM100% × t) (6.1)
where DIC is the concentration of dissolved inorganic carbon [µmol kg−1], t is the
incubation time [days], DPMblank, DPMsample and DPM100% are the disintegration per minute
measured by the scintillation counter for the blank, the sample and the determination of the
total amount of added NaH14CO3, respectively. Chl a-specific carbon fixation (P
b [mg C [mg
Chl a]−1 d−1]) was calculated by dividing the depth-specific NPP value by the depth-specific
Chl a concentrations. Column-integrated NPP and Pb were derived by integrating values for
100 m depth.
14C-based photosynthesis-irradiance (PI) curves were conducted with samples from
20 and 60 m water depth. Samples were prepared and measured as those for the 24h
incorporation experiments. The PI samples were placed for 1 h in a temperature controlled
(3 ±0.5◦C) photosynthetron equipped with warm-white light-emitting diodes (LEDs; Avago
Technologies) providing light intensities of 15, 30, 50, 80, 200, and 500 µmol photons m−2 s−1.
Light intensities were measured using a LI-1400 data logger (Li-Cor) equipped with a 4pi-
sensor (Walz). Irradiance-dependent behaviour of Chl a-specific carbon fixation was described
by fitting the data to the following equation (Kaffes et al. 2010):
Pb = Pbmax ∗ (1− e−(α/P
b
max)∗(I−IK)) (6.2)
where Pb is the Chl a-specific rate of carbon fixation [mg C [mg Chl a]−1 d−1] at
a given light, Pbmax is the light-saturated, maximal Chl a-specific carbon fixation [mg C
(mg Chl a)−1 d−1], α is light-use efficiency [(mg Chl a)−1 m2 s−1 µmol photons−1], I is the
irradiance [µmol photons m−2 s−1] and IK is the light saturation index [µmol photons m−2
s−1].
6.3.7 Satellite chlorophyll a maps
Weekly satellite maps of Chl a were used to study the development of the blooms. The
comparison of satellite derived Chl a concentrations with the in-situ values measured at the
two bloom locations was based on daily maps. The Chl a maps were derived using the
POLYMER level-3 product of the Medium Resolution Imaging Spectrometer (MERIS) data
at 0.02◦ spatial resolution (Steinmetz et. al. 2011). POLYMER is an improved atmospheric
correction algorithm for pixels contaminated by sun glint, thin clouds or heavy aerosol plumes
and therefore is providing better spatial coverage than using operational Chl a data product
from MERIS, SeaWiFS, MODIS and the merged GlobColour Chl a data product of these
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three satellite sensors. The Chl a concentrations are retrieved using the standard OC4Me
algorithm (Morel et al. 2007).
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6.4 Results
6.4.1 Temporalandspatialdevelopmentoftheblooms
Duringlateaustralsummer2011/12,twolarge-scalephytoplanktonbloomswereobservedin
theAPFzone(Figure6.1A).Thein-situChlaconcentrationswereplottedontopofthe
sateliteChla,averagedforthetimewhenthein-situsamplesweretaken.TheChladata
frombothdatasetsareinverygoodagreement,showinganearlyperfectmatchforthe12◦W
bloom.Areasonableagreementwasobservedforthe39◦WbloomnorthofSouthGeorgia,
wherethesatelitedataunderestimatedespecialythehighChlavaluesinthatarea.
Incaseofthe12◦Wbloom(Figure6.1C),sateliteChlamapsindicatedthatthebloom
developedinmidDecember2011andpeakedinthefirsttwoweeksofJanuary2012with
Chlaconcentrationsofaround3mgm−3.Ourin-situsamplingtookplacebetweenJanuary
26thandFebruary15th,inthedecliningphaseofthebloom. Withinthesethreeweeks,a
Figure6.1: -MeanChlaconcentrations(mgm−3)duringFebruary2012derivedfromsatelite
MERISPolymerproduct.StarsindicatesamplinglocationsduringtheANT-XXVIII/3cruise.
Detailedviewonthe39◦WbloomnorthofSouthGeorgia(B)andthe12◦Wbloom(C);redcircle
indicatestime-seriesstation.
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central station in the initial centre (at 12◦6’W, 51◦2’S) of the 12◦W bloom was re-visited six
times to investigate the temporal development of the bloom. The satellite data indicated Chl
a concentration were <1 mg Chl a m−3 everywhere in the area within 5 days after the last
sampling day. The second phytoplankton bloom (Figure 6.1 A, B) was located in the Georgia
Basin, north of the island of SG at 48 - 52◦S and 41 - 3◦W. Satellite Chl a maps indicated
that the 39◦W bloom developed already in mid October and peaked in mid December with
surface Chl a concentrations reaching values higher than 3 mg Chl a m−3. Sampling took
place between February 16th and March 3rd, in the declining phase of the bloom. Satellite
data indicates that Chl a concentrations above 0.5 mg Chl a m−3 persisted at least until mid
March. The investigations of this bloom were focussed on the spatial rather than the temporal
variability, with stations being located within a larger grid of oceanographic stations.
6.4.2 Phytoplankton standing stocks and primary production
While the Chl a standing stocks, i.e. 100 m-depth integrated Chl a concentrations (Table 6.1),
were as low as 9 mg m−2 outside the 12◦W bloom area, the concentrations in the bloom ranged
from 52 to 118 mg Chl a m−2 and were on average 120 ±41 mg Chl a m−2. NPP (Table 6.1) in
this bloom was on average 1751 ±747 mg C m−2 d−1 and ranged from 796 to 2816 mg C m−2
d−1, all being much higher than those measured outside the bloom area (161 mg C m−2 d−1).
Chl a-specific carbon fixation Pb (Table 6.1), a measure of photosynthetic efficiency, varied
between 10.1 and 17.3 mg C [mg Chl a]−1 d−1 (on average 14.4 ±2.6 mg C [mg Chl a]−1 d−1)
in the 12◦W bloom. The average 100 m integrated POC:PON ratios (Table 6.2) in this area
were 4.6 ±0.4 mol POC (mol PON)−1. Average daily PAR during primary production
measurements in the 12◦W bloom was 12.3 ±5.1 mol photons m−2 d−1.
In the 39◦W bloom north of SG, Chl a standing stocks (Table 6.1) ranged from 25 to
129 mg Chl a m−2, with an average of 63 ±29 mg Chl a m−2. NPP (Table 6.1) in this region
varied between 573 and 3023 mg C m−2 d−1 (on average 1365 ±832 mg C m−2 d−1). With
measured values between 14.4 and 30.3 mg C [mg Chl a]−1 d−1 and an average of 19.4 ±5.5
mg C [mg Chl a]−1 d−1, Pb in the 39◦W bloom area was significantly higher compared to the
12◦W bloom (Table 6.1, t-test, T= 2.447, p=0.027). In the 39◦W bloom, 100m integrated
POC:PON ratios (Table 6.2) in this area were on average 4.3 ±0.3 mol POC (mol PON)−1.
Average daily PAR during primary production measurements in this bloom was 15.7 ±6.1
mol photons m−2 d−1.
Exemplary Chl a-specific PI curves with samples from 20 m and 60 m depth of both
blooms revealed a high level of variability between stations within one bloom area (Figure
6.2). In addition, Pbmax measured the 12
◦W bloom area was higher in the surface samples
compared to the deep samples, while the opposite trend was observed in the 39◦W bloom.
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Figure6.2: -ExemplaryChla-specificphotosynthesis-irradiancecurveswithcurvefitsfor
samplesfrom20m(closedsymbols;solidfitcurve)and60mdepth(opensymbols;dashedfit
curve)fromthe12◦Wbloom(A,B)andthe39◦Wbloom(C,D).
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6.4.3 Nutrient concentrations and deficits
In the area of the 12◦W bloom, average surface nutrient concentrations (10 m depth, Figure
6.3) were 19.7 ±0.3 mmol NO3 m−3, 1.3 ±0.1 mmol PO4 m−3, and 4.1 ±3.1 mmol Si(OH)4
m−3. The average nutrient concentrations of the euphotic zone (10-60 m, Table 6.2) were
20.56 ±0.47 mmol NO3 m−3, 1.42 ±0.05 mmol PO4 m−3, and 6.63 ±2.68 mmol Si(OH)4
m−3. Average integrated nutrient deficits (Table 6.2) in this area were 1087 ±108 mmol NO3
m−2, 75 ±7 mmol PO4 m−2, and 2712 ±303 mmol Si(OH)4 m−2. Calculated Si(OH)4:NO3
deficit ratios were 2.5 ±0.3 and NO3:PO4 deficit ratios were 14 ±1(Table 6.2; Figure 6.4).
Figure 6.3: - Average profiles of nitrate (A), phosphate (B) and silicate (C) in the top 500
m from the 12◦W bloom (open symbols) and the 39◦W bloom north of South Georgia (filled
symbols).
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In the 39◦W bloom area, average surface (10 m) nutrient concentrations (Figure 6.3)
were 14.9 ±1.8 mmol NO3 m−3, 1.0 ±0.1 mmol PO4 m−3, and 0.6 ±0.5 mmol Si(OH)4 m−3.
Average nutrient concentrations of the euphotic zone (10-60 m, Table 6.2) were 16.3 ±1.8
mmol NO3 m
−3, 1.2 ±0.1 mmol PO4 m−3 and 2.2 ±1.3 mmol Si(OH)4 m−3. Resulting
average integrated surface nutrient deficits (Table 6.2) in the 39◦W bloom area were 1219
±307 mmol NO3 m−2, 68 ±18 mmol PO4 m−2 and 2359 ±631 mmol Si(OH)4 m−2, resulting
in Si(OH)4:NO3 deficit ratios of 1.9 ±0.4 and NO3:PO4 deficit ratios of 17 ±1 in this region
(Table 6.2; Figure 6.4). Due to the high variability, no significant differences in nutrient
concentrations or deficits were observed (Table 6.2). The ratios of Si(OH)4:NO3 deficits
(Table 6.2; Figure 6.4), however, were significantly higher in the 39◦W area compared to the
12◦W bloom (t-test, p<0.001), while the ratios of NO3:PO4 deficits were significantly lower
at 39◦W (t-test, p<0.001).
Figure 6.4: - Deficiency ratios for Si(OH)4:NO3 versus NO3:PO4 for all stations in the 12
◦W
bloom (open symbols) and the 39◦W bloom (filled symbols).
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6.5 Discussion
6.5.1 High variability of primary production in the APF region
During the presented cruise, two large-scale phytoplankton blooms in the Atlantic sector of
the ACC were observed (Figure 6.1). Both blooms were located between 50◦S and 52◦S in
the APF region. In fact, phytoplankton blooms regularly develop in this region during spring
and summer (e.g. Laubscher et al. 1993, Bathmann et al. 1997, Tremblay et al. 2002).
The occurrence of blooms in SO frontal zones has been associated with their oceanographic
features such as meanders, mesoscale eddies and west-east zonal flow, which can both lead
to increased iron and silicate availability and high vertical stability of the water column (de
Jong et al. 1998, Bracher et al. 1999, Strass et al. 2002, Tremblay et al. 2002), thereby
alleviating nutrient and light limitation for phytoplankton growth.
Being a highly productive area within the otherwise high-nutrient low-chlorophyll
(HNLC) region, the APF has been the destination of many research cruises and gained
considerable attention over the past decades. Estimates of primary production vary between
100 and 6000 mg C m−2 d−1 (El-Sayed et al. 1983, Mitchell and Holm-Hansen 1991, Bracher
et al. 1999, Moore and Abbott 2000, Strass et al. 2002, Tremblay et al. 2002, Hiscock et
al. 2003, Vaillancourt et al. 2003, Korb and Whitehouse 2004, Park et al. 2010). The data
observed in the present study (about 160 - 3020 mg C m−2 d−1; Table 6.1) are highly variable,
but fall well within this range. Generally, Antarctic phytoplankton productivity in this region
has been reported to exhibit strong spatial (Veth et al. 1992, Arrigo et al. 1998), seasonal
(Smith et al. 2000, Hiscock et al. 2003) and inter-annual variations (Clarke and Leakey 1996,
Park et al. 2010). Sporadic and patchy sampling during research cruises therefore makes it
difficult to measure the specific productivity. These sampling opportunities are nonetheless
useful to investigate the variability of productivity in the region.
During sampling in the 12◦W bloom, one station in the initial centre of the bloom was
investigated over a 2 weeks period (Figure 6.1, Table 6.1). Estimates of primary production
at this central sampling station varied between 1050 and 2816 mg C m−2 d−1 (Table 6.1).
The observed temporal variability, which was lower than the spatial variability in the 12◦W
region (796 - 2816 mg C m−2 d−1), probably reflects a combination of the changes in light
availability due to cloud cover as well as the movement of water masses. The development of
the phytoplankton bloom was also an important factor, as a primary production decreased
over time indicating bloom erosion (Table 6.1). During the investigations of the 39◦W bloom,
special emphasis was put on the spatial variability of productivity (Figure 6.1, Table 6.1).
In this bloom, primary production varied stronger compared to the first area (573 - 3023 mg
C m−2 d−1; Table 6.1), which next to temporal aspects could be explained by the higher
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spatial coverage. Nonetheless, even at three consecutive stations sampled on the same day
(PS79/168-70) and within half a degree distance to each other, primary production varied
between 786 and 2220 mg C m−2 d−1 (Table 6.1), demonstrating significant small-scale
variability in the 39◦W bloom area.
The high degree of variability, both spatial and temporal, emphasises once more the
difficulties in estimating the productivity in this highly dynamic region (Abbott et al. 2000).
Even though satellite Chl a estimates have drawbacks compared to in-situ measurements
(Schlitzer 2002, Korb and Whitehouse 2004, Whitehouse et al. 2008), they provide higher
spatial and temporal coverage of phytoplankton biomass at mesoscale resolution. The satellite
Chl a from the MERIS Polymer-Chl-product used in this study has been validated globally
and regionally within the current ESA Climate Change Initiative for Ocean colour and was
chosen as the best algorithm for MERIS data processing (Brewin et al. in press, Mu¨ller et
al. in revision). A comparison of surface Chl a concentrations (<10m) derived by HPLC
measurements with MERIS Polymer Chl a from the same day and within the respective
satellite pixel revealed a reasonable correlation coefficient (r2 = 0.67), low bias (0.17 mg m−3)
and percent error (33%) between the two data sets. Therefore, the quality of the satellite
Chl a data is sufficient to allow for reconstructing the temporal and spatial development of
the two phytoplankton blooms at the surface.
As satellite Chl a data only cover the oceans surface layer (i.e. the first optical
depth), primary production estimates can only be derived using a model that incorporate
satellite-based estimates of Chl a, sea surface temperature and PAR (e.g. Antoine and Morel
1996). Shipboard data are therefore needed to verify satellite-derived products and to give
information on the layers lower than the first optical depth. Regarding 14C-based estimates,
they tend to overestimate primary production due to the exclusion of loss terms (e.g. sinking,
grazing) and biases in applied irradiance (e.g. Gall et al. 2001). Nonetheless, they can be
used to investigate the underlying mechanisms for the patterns observed in satellite-derived
maps.
6.5.2 Similarities and differences between the two blooms
In the following, the two blooms are compared based on their general characteristics rather
than investigating differences between single stations because their relationship to the
environmental conditions have to be considered on a wider scale.
In terms of depth-integrated primary production, the two blooms were quite similar
(Table 6.1). In the depth-integrated photosynthetic efficiencies derived from Chl a-specific
carbon fixation (Pb), however, higher values were found in the 39◦W bloom area (Table
6.1). In the 12◦W bloom, lower Pb-values indicate that the phytoplankton is less efficient
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in photosynthesis (Behrenfeld et al. 2008), having a lower capacity of acclimating to its
environment (Korb and Whitehouse 2004). This hypothesis is supported by patterns in the
Chl a-specific photosynthesis vs. irradiance (PbI) behaviour of the different phytoplankton
assemblages (Figure 6.5). While the 12◦W bloom exhibits a typical PI dependent saturation
curve, no such pattern was observed in the 39◦W bloom samples. Photosynthesis of the
deep samples from the 12◦W bloom might have been light-limited, whereas the samples
from the same depth (i.e. similar light intensity) in the 39◦W bloom were able to adapt
to low light levels by increasing their photosynthetic efficiency. Classical PI curves (Figure
6.2) with surface and deep samples (20 and 60 m depth) revealed that in the 12◦W bloom
the Pb at a given irradiance as well as Pbmax were higher for the surface compared to the
deep sample, yet the opposite was true for the 39◦W bloom area. This is further evidence
that while depth-acclimated phytoplankton was able to increase light-harvesting in the 39◦W
area, this was not the case in the 12◦W bloom. The absence of photoinhibition in PI curves
furthermore indicates that the increased light-harvesting efficiencies of the depth-acclimated
samples from the 39◦W bloom must have been accompanied by sufficient photoprotective
capacities (Figure 6.2). Hence, despite similar net primary production in both areas (Table
6.2), there are apparent differences in the photosynthetic efficiencies (Figures 6.2 and 6.5),
which most likely are caused by differences in the physico-chemical environment as discussed
in the following.
6.5.3 Nutrient deficits indicate differences in iron availability
In both blooms, Si(OH)4 concentrations in the surface were low and were likely affecting
diatom growth (Figure 6.3; Nelson et al. 2001). As the two blooms, however, did not
differ regarding integrated and surface Si(OH)4 concentrations, silicate limitation is probably
affecting NPP in both blooms but not causing the differences between them.
In the winter, nutrients in surface waters are replenished by deep mixing. During the
growing season, phytoplankton take up and export these nutrient to a certain degree, which
is expressed as the nutrient deficits (Le Corre and Minas 1983, Jennings et al. 1984; Table
6.2). These proxies for net community production as well as their ratios differed between
bloom areas (Figure 6.4). While the ratios of Si(OH)4:NO3 deficits were significantly higher
in the 12◦W compared to the 39◦W bloom area, the opposite trend was observed with respect
to the NO3:PO4 deficit ratios. These results indicate differences in the nutrient assimilation
capacities of the two phytoplankton assemblages, which could be explained by different levels
of iron availability in the two regions. More specifically, iron limitation was probably more
pronounced in the 12◦W than in the 39◦W bloom down-stream of SG. As iron is needed by
phytoplankton for the assimilation of nitrate, and to a lesser degree of phosphate, its absence
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leadstoloweruptakecapacities(deBaaretal.1997,HutchinsandBruland1998).Drifter
buoytrajectoriesindicatethatwatermassesatthe39◦Wsamplinglocationsoriginatefrom
theSGshelf(Meredithetal.2003),mostlikelytransportingironandothertracemetalsto
thesamplingsite(Korband Whitehouse2004,Nielsd´ottiretal.2012,BorrioneandSchlitzer
2013). The12◦Wbloom,however,wasmuchmoredistantfromanyshelfregionandtrace
metalinputisthusstronglyrestricted.
Iron measurementsduringthecruise,however,donotindicatecleardifferencesin
dissolved(0.1-0.2nM),leachableandparticulateiron(0.2-0.8nM)concentrationsbetween
thetwoareas(L.Laglera,unpubl.results).Sinceonlytwostationshavebeensampledinthe
39◦Wbloom,thiscomparisonisoflimitedvalue.Giventhedevelopmentandintensityofthe
blooms,asinferredfromsatelitedata,ironconcentrationsmusthavebeenmuchhigherat
theonsetofblooms,yettheywerealreadydepletedbyphytoplanktonactivityandparticle
scavengingatthetimeofsampling(BoydandElwood2010). Asiron-limitationgeneraly
leadstolowerphotosyntheticcapacities,differencesinthe’ironhistory’ofthetwoblooms
couldalsoexplainthepatternsinPb(Greeneetal.1991;Figure6.2,Figure6.5). More
intenseironlimitationhampersphotoacclimating(Figure6.5A,B),whileslightlyhigheriron
availabilitymayalowphytoplanktontooptimisephotosynthesisaccordingtotheirintegrated
lightenvironment(Figure6.5C,D).
Figure6.5: -Chla-specificphotosynthesisvs.irradiance(PbI)relationshipof24hon-deck
incubationsfromstationsinthe12◦Wbloom(opensymbols)andthe39◦Wbloom(closed
symbols). PIcurvefitswereappliedtobothdatasetsindividualy(dashedandsolidlinefor
12◦Wand39◦Wblooms,respectively).
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6.5.4 Different fractions of new and regenerated production
Nutrient deficits are not only used as indicators for iron limitation, but also as an estimation
of season-integrated net community production, which can be used as a proxy for new
production (Jennings et al. 1984, Hoppema et al. 2000, Whitehouse et al. 2012).
Production rates calculated from nutrient deficits, however, can potentially be biased by
altered nutrient concentrations due to vertical mixing, alternative nutrient sources (e.g.
ammonium), remineralisation in surface waters, as well as changes in stoichiometry of organic
matter (Jennings et al. 1984, Hoppema et al. 2007, Whitehouse et al. 2012). In the case of
the present dataset, the comparison of estimates based on 14C-uptake and nutrient deficits
can give further insight into the proportions of new and regenerated production (Whitehouse
et al. 2012).
In agreement with Laubscher et al. (1993), stronger nutrient depletion in the APF
co-occurred with higher photosynthetic efficiencies (Table 6.2). The estimates of primary
production (Table 6.1) and POC:PON ratios (Table 6.2) were in a similar range for both
blooms, but nutrient deficits indicate lower nitrate usage in the 12◦W bloom (Figure 6.4).
Phytoplankton growth must have therefore been supported by other nitrogen sources in the
latter area. In fact, phytoplankton are known to counteract the nitrogen deficiency arising
from the decreased NO3
− uptake capacities under iron-limitation by using a larger proportion
of regenerated nitrogen sources such as ammonia (Brzezinski et al. 2003). This implies that in
the 12◦W bloom more active recycling of nutrients took place, which decreases the proportion
of primary productivity being exported by the biological pump (Dugdale and Goering 1967,
Epply and Petterson 1979). Shipboard carbonate chemistry measurements during the cruise
revealed higher deficits in dissolved inorganic carbon (DIC) and a stronger CO2 uptake from
the atmosphere in the 39◦W bloom area compared to the 12◦W bloom (Jones et al. in prep.),
supporting the hypothesis raised above. In conclusion, even if net primary production was
similar in the two blooms, the potential for carbon sequestration was probably larger in the
39◦W bloom compared to the 12◦W bloom.
6.5.5 From bottom-up towards top-down control
All available data from our study suggest that the phytoplankton in the 39◦W bloom area
are able to acclimate more efficiently to their light environment and therefore have higher
photosynthetic efficiencies (Table 6.2). It is therefore surprising that standing stocks and net
primary production are not higher compared to the less efficient 12◦W bloom. Our estimates
of primary production, however, are prone to underestimate loss terms such as grazing (Gall
et al. 2001). We therefore speculate that during the time of sampling, top-down control
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was more strongly developed in the 39◦W bloom north of SG compared to the 12◦W bloom
area. In fact, average zooplankton biomass in the SG area has been found to be larger than
anywhere else in the SO (Atkinson et al. 2001).
Zooplankton samples (net catches and stable isotope analysis) from the presented cruise
furthermore showed that, despite high spatial variability, the zooplankton community near
at 39◦W was further developed compared to the 12◦W bloom area, where the proportion of
small organisms and early developmental stages was higher (E. Pakomov and B. Hunt, unpubl.
data). Also sediment trap data support this hypothesis, as during the sampling period the
organic matter export fluxes and Ez-ratios (exported organic matter : NPP ratio; Buesseler
and Boyd 2009) were indicating higher grazing activity in the 39◦W bloom compared to the
12◦W bloom area (M. Iversen, unpub. results). As the control of phytoplankton dynamics
can shift from bottom-up to top-down within a few weeks (Abbott et al. 2000), a slightly
earlier bloom development at 39◦W could have been enough to lead to this result. Diatom-
dominated blooms, as observed in this study (C. Klaas, unpubl. results; also indicated by
silicate depletion in the surface waters, Figure 6.3), are mainly grazed by larger zooplankton.
One can therefore assume that the usual time lag between bloom and grazer development
(Smetacek et al. 1978) was still having an effect on the 12◦W bloom, while grazers already
imposed a strong control on the 39◦W bloom. Satellite Chl a maps of the two bloom areas
in fact show that the 39◦W bloom developed around 8 weeks earlier than the 12◦W bloom.
6.5.6 Conclusions and biogeochemical implications
In agreement with the general opinion (e.g. Priddle et al. 1992, Abbott et al. 2000, Boyd
2002), the results of this study suggest that a combination of different factors strongly affect
primary production in phytoplankton blooms in the SO. While iron availability seems to be
a master variable (i.e. also influencing the effects of other nutrients and light) controlling the
build-up of a bloom, top-down processes are more important determining the phytoplankton
standing stock at the late bloom stage, i.e. when sampling took place. Based on our data, one
can conclude that 14C-based estimates of primary production alone are insufficient for the
assessment of ecological and biogeochemical effects of phytoplankton blooms in the ACC.
These effects may depend on the intensity of iron limitation, determining how strongly
production has to be fuelled by recycled rather than ’new’ nutrients and thereby setting
upper limits for the strength of the biological pump. It should also be kept in mind that
the other ’main controlling factor’ light is thought to be especially important for bloom
development early in the season (Bracher et al. 1999, Smith et al. 2000, Abbott et al. 2001,
Landry et al. 2002), a time which is not covered by the present cruise dataset.
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Priddle et al. (1992) concluded that due to the complex matrix of and interactions
between processes, it is ”virtually impossible” to translate primary production into carbon
export. Even though there is without doubt a lack of knowledge, more and more light has
been shed onto these interactions. In the present study, we were able to link differences in
measured primary production and photosynthetic efficiencies with observations on nutrient
deficits. Furthermore, it was possible to disentangle some of the underlying mechanisms
when considering the time scales of the individual measurements. Most likely, the observed
patterns can be explained by differences in iron availability and grazing pressure. This work
helps to better understand the development of blooms in the ACC and their implications for
the biological pump under different environmental settings.
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7.1 Main findings of this thesis
The aim of this thesis was to understand the modulation of OA effects on SO phytoplankton.
Until recently, the interactions of pCO2 with other environmental factors were largely
unknown. In the past 3 years, a lot more knowledge was gained (see Boyd & Hutchins
2012, Gao et al. 2012b for reviews). For the SO, however, such information is still scarce.
The publications presented in this thesis represent some of the first attempts to understand
OA effects in the framework of multiple stressors in the SO.
In order to meaningfully interpret and extrapolate response patterns observed in
OA experiments, we first need to strictly constrain the carbonate chemistry organisms are
exposed to. Publication I describes uncertainties associated with inconsistencies between
different input parameters and associated calculations of the carbonate system. The observed
discrepancies between pCO2 values calculated from different measured parameter pairs (TA
& DIC, TA & pH, and DIC & pH) were as high as 30%. These discrepancies hamper the
comparability and quantitative validity of past and future OA studies. Until the reasons are
found and abolished, it is suggested to agree on one set of parameters (i.e. TA & pH) to
increase comparability between different studies. The implications arising from this will be
discussed in chapter 7.2.
Applying the knowledge gained in the first study, the responses of SO phytoplankton
to OA were investigated. In Publication II, the modulation of OA effects by iron availability
was investigated. For a natural phytoplankton community from the SO, iron limitation was
shown to drastically alter the responses to OA. After iron enrichment, primary production
increased with increasing pCO2 levels, whereas OA had no influence on carbon fixation under
iron limitation. The changes in primary production under iron-enriched conditions were
accompanied by a pronounced taxonomic shift from weakly to heavily silicified diatoms,
while under iron-depleted conditions, no such functional shift was observed. This suggests
that under increased iron availability, OA could potentially lead to a stimulation of primary
as well as export production. For large parts of the SO, however, iron limitation could restrict
the possible ’CO2 fertilization’ effect.
In addition to the modulation by iron, also the effects of different light regimes on OA
responses were investigated. In Publication III, dynamic light was found to strongly alter
the effects of OA on an Antarctic strain of the diatom Chaetoceros debilis. High pCO2 had
no effect on primary production under constant but a strong negative effect under dynamic
light. Photophysiological results indicate increased susceptibility to high-light stress under
OA, even though efficient electron transport was sustained in all treatments. The observed
patterns can be explained by increased metabolic costs for photosystem turnover. In view
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of the highly dynamic light fields experienced by phytoplankton in the oceans, these results
stress that understanding and predicting the effects on OA is only possible, if experiments
also include dynamic changes in other environmental conditions such as light. The potential
consequences arising from synergistic or antagonistic interactions between light, iron and OA
will be discussed in chapter 7.3.
To understand how different environmental conditions control SO phytoplankton
blooms and their potential for carbon sequestration, also knowledge from more complex
and realistic systems is needed. To investigate this, the abiotic controls of two large-scale
phytoplankton blooms from the ACC were compared in Publication IV. The results indicated
that blooms were controlled by interactions between iron and light limitation as well as
grazing. Furthermore, it highlighted the need to study processes such as productivity on
different spatial and temporal scales, e.g. because measurements of net primary production
based on 24h incubations do not allow for the estimation of primary and export production
over the whole season. The aspect of different scales relevant for phytoplankton productivity
will be discussed in 7.4.
Building on the findings presented in these four publications, the results of this thesis
will be exploited to make overall predictions for the SO (chapter 7.5). Lastly, some important
perspectives for future research will be highlighted (chapter 7.6).
7.2 How our methods determine our results
It goes without saying that the design of an experiment will influence its outcome. In the fast
growing OA research community, however, this fact was not recognized for a long time. The
responses of phytoplankton to OA were thought to be straightforward in the ’early days’, but
more and more contradictory results were published over time (Gattuso & Hansson 2011).
The complexity of carbonate chemistry and the various options for its manipulation was
held responsible for deviating results from different studies (e.g. Riebesell et al. 2000 versus
Iglesias-Rodrigues 2008). To overcome these problems, ’best practise guides’ for experimental
setup and carbonate chemistry measurements have been published (Dickson et al. 2007,
Riebesell et al. 2010). While different methods of carbonate chemistry manipulation have
proven not to alter the response patterns of organisms to OA (Hoppe et al. 2011, Appendix ),
inter- and intraspecific variability were identified as important reasons for the differences in
OA responses (Langer et al. 2006, Langer et al. 2009, Trimborn et al. 2009, Hoppe et al.
2011, Trimborn et al. 2013).
Different experimental setups and ways to measure physiological parameters are
another key to explain apparent divergent patterns of OA responses. For example, Publication
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IdemonstratedthatresponsesoforganismstoacertainpCO2scenariocouldbeseverelyover-
orunderestimateddependingonthechoiceofcarbonatechemistryparametersusedforpCO2
calculations.Theinconsistenciesandconsequentlyalsothepotentialmisinterpretationsare
mostpronouncedathighpCO2levels. ThisaddsmoreuncertaintytopCO2estimations
underconditionswherecarbonatechemistrygetsprogressivelyunstableduetothelower
bufferingcapacityunderOA(Eglestonetal.2010)andforwhichreferencematerialsdonot
exist(PublicationI).AsmostexperimentalstudiescompareanambientCO2levelwithone
derivedfromfutureCO2emissionscenarios(e.g.750or1000ppm),predictedtrendsare
oftenbasedontwotreatmentsonly.Ifweassumeabel-shapedresponsecurveofoveral
fitnesstoOA(ashasbeenproposedforcoccolithophores;Ridgweletal. 2009,Bachet
al.2011),thedescribedinconsistenciesincalculatedpCO2valuescanleadtoverydifferent
conclusionsonorganismresponsestoOA(Figure7.1). Dependingonthepairofinput
parametersusedandthetypeofresponsepatternobserved,predictedtrendscouldeven
reverse.Thedescribedphenomenoncanbeespecialyproblematicifstudiesaimtoidentify
’tippingpoints’,whicharerequestedbypolicymakers.Furthermore,alsotheexperimental
validationofpaleooceanographicproxiesmaybeflawed.AsdescribedinPublicationI,the
Figure7.1: -SimplifiedilustrationphytoplanktonresponsestoincreasedpCO2levelsas
describedforcoccolithophores(e.g.Langeretal.2009,Bachetal.2011).Takingtheobserved
inconsistencyincarbonatechemistrycalculationcanreversetrendsinparameterslikenetprimary
production(NPP)whencomparingambientandfuturepCO2scenarios(380and1000µatm,
respectively).CalculationsyieldeddifferentpCO2levelsbasedonTAandpH(lowerx-axis)and
TAandDIC(upperx-axis),leadingeitherincreasing(solidarrow)ordecreasingtrends(dashed
arrow),respectively.
120
7. Synthesis
inconsistencies can furthermore unravel some of the apparent differential responses described
in the literature (cf. Langer et al. 2009, Hoppe et al. 2011).
But also the parameters that are not considered in an experimental matrix and
therefore are kept constant (i.e. light, temperature, nutrients) can greatly affect the
experiment’s outcome. For example, light levels were shown to modulate OA response
patterns in various phytoplankton taxa (Kranz et al. 2010, Rokitta & Rost 2012, Li &
Campbell 2013). Going one step beyond this, Publication II and III demonstrate how
a shift from standard experimental conditions (i.e. replete nutrients and constant light)
to more realistic scenarios for the SO (i.e. iron limitation in Publication II and dynamic
light in Publication III ) can even reverse the effects of OA. In addition to light and iron
availability, also changes in macronutrients or temperatures have been shown to significantly
affect organism responses to OA by complex interactions (e.g. Hutchins et al. 2007, Feng et
al. 2009, Lefebvre et al. 2012, Tatters et al. 2013). Furthermore, differences in timing
and duration of measurements (e.g. at different phases of the cell cycle; Halsey et al.
2011), acclimation and adaptation times (Lohbeck et al. 2012, Collins et al. 2013) and
the parameters investigated (e.g. photosynthesis estimated from electrons, O2 evolution,
carbon uptake, biomass build-up; Behrenfeld et al. 2008, Suggett et al. 2009, Publication
III ) will pick up ’snapshots’ of response patterns on different scales. Investigations that are
limited in scale or experimental approach can therefore lead to biased predictions on OA
effects.
Predictions of the effects of climate change are only possible, if the effects of OA
are investigated in a framework of important co-varying conditions in the environment of
interest. A better knowledge of environmental key drivers, independent of the CO2 problem,
moreover helps to narrow down research questions and experimental matrixes for OA research.
For example, various field datasets (e.g. Publication IV ) as well as largescale fertilisation
experiments (e.g. Smetacek et al. 2012) have shown that the availability of iron, light and
silicate are exerting major controls on SO primary production. It can therefore be deduced,
that the changes in their availabilities have the potential to strongly modulate OA responses
of SO phytoplankton while the interactions with nitrate or phosphate limitation are probably
not that important, as these nutrients are rarely limiting in the SO.
7.3 The whole is greater (or smaller) than the sum of its parts
As outlined above, organisms will always experience a wide range of changing environmental
drivers and stressors (e.g. nutrients, light, temperature). Similarly, phytoplankton cells
always have to balance various physiological processes (e.g. light and dark reactions of
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photosynthesis,synthesisofproteinsandstoragecompounds)thatcompeteforenergyand/or
substrates,whichthemselvesshowdifferentdependenciestowardsenvironmentalconditions.
Therefore,itisnotsufficienttoinvestigatetheeffectsofdifferentenvironmentalconditions
inisolationandaddthemuptheoreticaly.Substantialeffortshavebeenmadetounderstand
howmultipledriversinteractivelyaffectorganisms(Foltetal.1999,Saitoetal.2008,Boyd
&Hutchins2012).Combinedeffectscanbeadditive,i.e.equaltothesumoftheeffectsof
individualdrivers.Inmostcases,however,thecombinedeffectsaremultiplicative,i.e.either
greater(synergistic)orsmalerthan(antagonistic)theirsum(Foltetal.1999).
ThemainaimofthisthesiswastounderstandhowOAresponsesofSOphytoplankton
wilbemodulatedbythekeycontrolingfactorsironandlight. Theantagonisticeffects
betweenOAandiron-limitationobservedinPublicationII(Figure7.2A)canbeexplained
bytwomechanisms:Asironisneededforcentralphysiologicalprocessesinphytoplankton
cels(photosynthesis,nitrateassimilation;Geider&LaRoche1994,Behrenfeld&Miligan
2013),itsshortagewillimittheirabilitytobenefitfromfacilitatedcarbonacquisition. More
surprisingly,thebioavailabilityofirondecreaseswithincreasingpCO2anddecliningseawater
pH(Shietal.2010,Sugieetal.2013,PublicationII).Thisshowsthatironlimitationand
OAalsointeractinapurelychemicalway,whichinturnleadstomoresevereironlimitation
ofphytoplanktonunderhighpCO2levels(Figure7.2A).
Also,differencesinirradiancesignificantlyaltertheresponsesofphytoplanktontoOA
(e.g.Kranzetal.2010,Gaoetal.2012b,PublicationIII),asirradiancesdirectlyalterthe
levelofenergizationofphototrophiccels. Underconstantlight,themanifestationofOA
responsesisdifferentbetweentreatmentswithsubsaturating,saturatingandsupersaturating
irradiances,becauselightharvestneedstobebalancedbycarbonacquisitionandmetabolism
(Behrenfeldetal.2004).Underlight-limitation,phytoplanktoncelswilbenefitmostfrom
Figure7.2: -Conceptualilustrationsofinteractiveeffectsonnetprimaryproduction(NPP)
ofSOphytoplankton.Observedeffectsofironavailability(A)andlight(B)aswelasproposed
combinedeffectsofbothparametersonOAresponses(C).
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OA and the thus decreased costs for carbon acquisition (Kranz et al. 2010, Kranz et al. 2011,
Rokitta & Rost 2012), and the often observed increased susceptibility towards photoinhibition
under OA (Wu et al. 2010, McCarthy et al. 2012, Li & Campbell 2013) does not manifest
under the low light levels applied. Under supersaturating light, however, the CO2-dependent
down-regulation of CCM activities decreases the cells options to sink excess energy in the
dark reactions of the Calvin cycle, thereby leading to an over-reduction of the photosynthetic
apparatus and thus photoinhibition (Tchernov et al. 1997, Rost et al. 2006). Interactions
with the applied light levels can explain at least some of the contradicting results published
on phytoplankton under OA. For example, the growth rates of the diatom Thalassiosira
pseudonana have been described to be positively, negatively and not at all affected by
increased pCO2 levels of 750-1000 µatm (Sobrino et al. 2008, Gao et al. 2012b, McCarthy
et al. 2012, Li & Campbell 2013). While positive OA associated trends in growth rates were
observed at roughly 30-200 µmol photons m−2 s−1, no net effect was observed between about
200-400 µmol photons m−2 s−1. Decreasing growth rates under increasing pCO2 levels were
found at high irradiances of 1000 µmol photons mm−2 s−1, only. In conclusion, the effects of
irradiances on OA-responses could, similarly to the growth response to pCO2 itself (Ridgwell
et al. 2009, Bach et al. 2011), be described by an optimum curve.
All these experiments applied homogenous, non-fluctuation light. In the water columns
of the oceans, however, phytoplankton experience highly dynamic light fields. Regarding
the associated physiology, different acclimation strategies have been observed: While some
studies suggested that phytoplankton cells acclimate to average light intensities (van Leeuwe
et al. 2005), others implied that acclimation responds to the highest irradiances of a certain
light regime (van de Poll et al. 2007). In Publication III, OA effects were altered under
dynamic light compared to constant light, demonstrating the antagonistic effects pCO2 and
light regime (Figure 7.2 B), a response similar to the observed interaction between pCO2 and
iron limitation.
Interactions between two environmental factors (i.e. pCO2 levels with either iron
availability or light dynamics; Figure 2 A & B) were investigated in Publications II and
III. In the natural SO environment, however, phytoplankton will experience iron and light
stress simultaneously. While it is difficult to control three parameters (pCO2, light and iron)
simultaneously, all possible combinations of two of these were successfully investigated (e.g.
Timmermans et al. 2001, van Oijen et al. 2004, Alderkamp et al. 2012, Publication II and
Publication III ). Apparently, iron limitation and dynamic light exhibit synergistic effects:
As iron limitation leads to inefficient energy transfer in the photosynthetic apparatus and
hampers chlorophyll synthesis, it strongly amplifies the negative effects of light limitation
(Folt et al. 1999, Saito et al. 2008). At the same time, iron limitation intensifies the effects
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of high-light stress in marine phytoplankton, as disrupted electron transfer chains are more
prone to photodamage compared to iron replete situations (Greene et al. 2001). Also the
effects of dynamic light under iron limitation have been studied in previous experiments
(Alderkamp et al. 2012) as well as field studies (e.g. Boyd et al. 2001, Alderkamp et al.
2010, Petrou et al. 2011, Publication IV ). Alderkamp et al. (2012) showed that in iron-
limited cells of Fragilariopsis cylindrus, energy conversion efficiency from photochemistry
to biomass production were drastically reduced under dynamic compared to constant light.
Furthermore, a higher fraction of reduced (i.e. closed) PSII reaction centres suggested a
higher susceptibility towards photodamage under these conditions. As both, iron limitation
and dynamic light synergistically decrease the energy transfer efficiency and biomass build-
up, even larger antagonistic effects under OA can be expected in the field (cf. Moore et al.
2007, Figure 7.2 C). In conclusion, iron limitation and dynamic light jointly decrease the
probability of ’CO2 fertilisation’, which has been observed in conventional OA experiments
(e.g. Riebesell et al. 1993, Hutchins et al. 2007, Tortell et al. 2008a).
If experiments aim to predict changes in primary and export production in offshore SO
waters, they need to consider limiting iron concentrations and dynamic light fields. It must
furthermore be noted that complex interactions with other drivers also exist. For example, the
thickness of diatom frustules is known to increase under iron limitation (Hutchins & Bruland
1998, Takeda 1998, Marchetti & Harrison 2007). Similar responses have been described for
elevated pCO2 levels (Milligan et al. 2004, Publication III ). Therefore, interactive effects
between silicate, iron limitation and OA may change the potential for BSi production.
Changes therein would, due to the ballasting effect of biogenic silica, have strong implications
on the strength of the biological pump and its potential for carbon sequestration (Nelson et
al. 1995). Implications arising from responses to multiple stressors on the biogeochemistry
of the SO will be discussed in chapter 7.5.
7.4 A question of scale
The ultimate goal of research on OA effects is the up-scaling of findings to predict future
changes in productivity and biogeochemical cycles. This requires an understanding of the
relationship between different spatial and temporal scales as well as knowledge on the
validity of measurements to cover respective scales (Figure 7.3). In Publication II and
III, measurements of electron transport rates (ETR) through PSII reaction centres are
presented, which occur on very small spatial (approx. 10−10 m) and temporal scales ( approx.
10−12 days; Figure 7.3). These measurements are compared with estimates of net primary
production, a parameter that integrates cellular processes on time scales of days and spatial
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scalesofcels(approx10−6m).Bycomparingthesemeasures,assumptionsforprocesseson
theintermediatescalescanbemade.Forexample,loweredenergytransferefficiencies,which
areindicatedbydivergenttrendsofETRandnetprimaryproduction,canbeexplainedby
variousprocessesdown-streamofPSIIsuchascyclicelectrontransport,alternativeelectron
sinksorincreasedmitochondrialrespiration(Behrenfeldetal.2008).
PublicationIValsocomparedproductivityestimatesondifferentscales.Netprimary
production,ontheonehand,isassessedinsmalincubationbottlescovering24hoursand
specificaly measurestheincorporationratesofcarbonintophytoplanktonbiomass. An
estimationfromnutrientdeficitcalculations,ontheotherhand,integrateseveralweeks
ormonthsofchangingtemperatures,irradiancesandnutrientconcentrationsanddepend
onthesuccessionofdifferentphytoplanktontaxaandtheirgrazersaswelasprocesses
suchasupweling,sinkingandremineralization(Whitehouseetal.2012).Itistherefore
notsurprisingthatthetwoapproachesyieldcompletelydifferentresults. Beingputinto
therightcontext,i.e.therightscale,bothcanjointlyhelptoinferinformationabout
intermediateprocesses(PublicationIV). Withincreasingtemporalandspatialcoverage,
alsothecomplexityofobservationsincreasesandnonlinearityofdynamicscanoccur. As
aconsequence,theuncertaintyoflong-termpredictionsincreases(Beninc´aetal. 2002).
Large-scaleincubationexperimentssuchasmesocosms(e.g.Riebeseletal.2008)andfield
observations(e.g.Polardetal.2009)canhelptounravelgeneraloroverarchingpatterns,
Figure7.3: -Ilustrationofthedifferenttemporalandspatialscalesofrelevantprocessfor
phytoplanktonphysiology,ecologyandevolution. ModifiedafterMooreetal.(2013).
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while detailed small-scale investigations on physiological processes (e.g. Rokitta et al. 2012)
are needed to gain an understanding of the underlying mechanisms.
In this thesis, a large range of temporal and spatial levels was covered. It comprises
many different pieces of a larger puzzle and although not all aspects are covered (e.g. effects
on higher trophic levels, phytoplankton adaptation), a glimpse on ’the big picture’ can be
caught. In fact, the results and hypotheses from the different studies and measurements fit
well together, indicating that the most important environmental drivers and ecophysiological
mechanisms were covered by the different approaches. It therefore seems justified to speculate
about likely consequences of OA on SO phytoplankton in a more general sense.
7.5 The Southern Ocean in a high CO2 world
Especially regarding new research questions, the confidence in scientific concepts and results
can vary over time (Kuhn 1969). The impacts of OA on phytoplankton productivity and
biogeochemical cycling are far more variable and complex than expected about two decades
ago. In the past years, however, also many explanations and underlying mechanisms for
the differential response patters have been identified. In the context of this thesis, the most
important reason is the modulation of OA effects by other environmental parameters. In
agreement with the general opinion, Publication IV identified interactions between iron and
light as the most important bottom-up controls on productivity and ecophysiology of SO
phytoplankton (e.g. Boyd 2002, de Baar et al. 2005, Strzepek et al. 2012). It is therefore
reasonable to assume that, besides top-down controls like grazing, iron and light are the prime
suspects to modify the effects of OA in the SO. And even though Publication II and III are
not covering the whole range of spatio-temporal variability and complexity, their results are
in agreement with the current understanding of multiple drivers in the context of climate
change and SO phytoplankton ecophysiology. For example, isolated strains as well as natural
diatom-dominated phytoplankton communities have been shown to possess highly efficient
and/or regulated CCMs (Tortell et al. 2008b, Neven et al. 2011, Trimborn et al. 2013).
Therefore, the interactions between OA, CCM regulation and high-light stress proposed for
Chaetoceros debilis (Publication III ) may be extrapolated to other species. Furthermore,
the interactions between seawater pH and iron bioavailability have been confirmed in single
species incubations (Sugie & Yoshimura 2013) as well as phytoplankton communities from
the Bering Sea (Sugie et al. 2013).
In general, SO regimes can be divided into ’coastal’ (i.e. land- and or shelf-influenced)
and ’oceanic’ (i.e. land-remote) areas. As these regimes are characterised by strong
differences in iron availability, they must be considered separately. Coastal SO phytoplankton
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communitiesareknowntoformbloomsthatprovidethebasisforlargestocksofhigher
trophiclevels(Atkinsonetal.2001)andfacilitatesignificantdrawdownofatmosphericCO2
(Arrigoetal.1999).Coastalhabitatsarecharacterisedbyrelativelyhighandconstantiron
availabilitytophytoplanktonduetovariousinputmodes(e.g.dissolutionfromtheshelf,dust
deposition;Boyd&Elwood2010). Withrespecttolightdynamics,shalower MLDcause
higherintegratedlightintensities(Cisewskietal.2005),eventhoughhigherturbidity,due
tomeltwaterinput,canleadtosteeplightgradients(MacIntyre2000,Dierssenetal.2002).
Undercurrentconditions,ampleironsupplyincoastalregionsalowsphytoplanktontoadapt
efficientlytodynamiclight(Sunda&Huntsman1997,Strzepek&Harrison2004),yielding
highbiomassonaregularbasis(Wefer&Fischer1991,Arrigoetal.2008,Figure7.4A).The
oceanicHNLCregionsoftheSOaredefinedbylowaveragephytoplanktonconcentrations
(e.g.deBaaretal.1994).Thisisthoughttobecausedbyparticularlylowironsupplyfrom
thedistantcontinentsandshelfseas(Martin1990,Duceetal.1991)incombinationwith
lightlimitationand/orstressresultingfromdeepMLDs(vanOijenetal.2004,Alderkamp
etal.2010).Nonetheless,alsooceanicphytoplanktonbloomswithsubstantialdrawdownof
carbonoccur. Theseareusualyassociatedwithincreasedaveragelightintensitiesdueto
strongersurfacestratificationinlatespringorearlysummercombinedwithincreasediron
availabilitiesoriginatingfrompreviouseventsofdeep-waterupweling(Mooreetal.1999,
Abbottetal.2000,Blainetal.2001,PublicationIV;Figure7.4A).
FutureprojectionsonSOproductivityandthestrengthofthebiologicalpumpcriticaly
dependontheexpectedchangesinironinputandlightenvironments. Unfortunately,no
consensusonthesequestionsexistsandmodelpredictionsoftenlackagreement(Boyd&
Elwood2010,Breitbartetal.2010).Especialywithrespecttothefutureironavailability,
severaldifferentinputsourcesandtheircharacteristicsneedtobeconsidered.Forexample,
atmosphericirondepositiondependsoncontinentalaridity,sealevelaswelaswindand
Figure7.4: -Simplifiedilustrationofthecurrent(A)andpotentialfuture(B)development
ofproductionandexportoforganicmatter(Corg)productionviathebiologicalcarbonpump
dependingonmixingregimesandironinputforthecoastalandoceanicregionsoftheSO.
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ocean current patterns and strengths (Breitbart et al. 2010). The bioavailability of the newly
supplied iron will change with ligand and siderophore (and thus microbial) composition as
well as seawater pH (Shi et al. 2010, Hassler et al. 2012). Furthermore, the availability of
iron to phytoplankton in the euphotic zone depends on the depth and temporal development
of the surface mixed layer (Boyd & Ellwood 2010). As the effects of climate change on iron
input mechanisms into the SO remain unknown (Boyd & Ellwood 2010), only changes in
MLD und upwelling are considered in the following.
For most parts of the world’s oceans, increased sea surface temperatures are proposed
to also intensify surface stratification and thus decrease MLD (Steinacher et al. 2010). At
least in the oceanic regions of the SO, future MLD dynamics are probably more governed
by wind patterns than by thermal stratification (Lovenduski & Gruber 2005). On-going
changes in the leading mode of climate variability in the Southern Hemisphere troposphere,
known as the Southern Annular Mode (SAM), lead to stronger westerly winds south of 45◦S
(Thompson & Solomon 2002, Marshall 2003). Thus, MLDs are thought to decline along the
Antarctic continent but increase in offshore waters (Lovenduski & Gruber 2005, Hauck et
al. 2013). One could therefore hypothesise that in coastal waters, stratification increases
and phytoplankton experience less dynamic and higher integrated irradiances. In view of the
generally high iron availabilities in coastal waters, changes in stratification probably will not
lead to pronounced iron limitation in these areas. For the oceanic areas, most studies focussed
on the effects of stronger winds on upwelling and subsequent out-gassing of CO2 from the SO
(Le Que´re´ et al. 2007, Zickfeld et al. 2008, Le Que´re´ et al. 2008). Accounting for effects on
primary production and subsequent carbon sequestration via the biological pump, modelling
results suggest that an increase in MLD in the oceanic waters of the SO will lead to increased
primary and export production due to increased iron supply from deeper waters (Hauck et al.
2013). According to the latter study, the benefits of increased iron availabilities are expected
to cancel out the negative effects of lower integrated and more dynamic irradiances.
Taking into account the interactive effects of OA, iron and light regimes, this thesis
yields different predictions for the SO, which furthermore depend on the region considered.
The results from Publication III question whether a slight alleviation of iron limitation
by higher upwelling of nutrients in the oceanic areas will be able to compensate for the
increased metabolic costs of dynamic light and the lowered energy availability due to deeper
mixing (Strzepek et al. 2012, Publication III ). Moreover, decreasing iron bioavailabilities with
decreasing pH could even intensify iron limitation in the future (Shi et al. 2010, Publication
II ). Higher susceptibility towards photoinhibition under OA could furthermore intensify the
high-light stress experienced in the high-light peaks at the sea surface (McCarthy et al. 2012,
Publication III ). Iron-limited phytoplankton communities therefore unlikely benefit from the
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lowered metabolic costs for carbon acquisition (Publication II ), causing primary production
to be unaltered by OA. Also, there are no indications for functional shifts towards more
silicified diatoms that may enhance the export efficiency (Publication II ).
For the coastal areas of the SO, however, a completely different picture emerges. Under
the relatively high iron concentrations, phytoplankton cells should be able to acclimate
to their light environment and therefore benefit from a shoaling of the MLD (Strzepek
et al. 2012, Publication II ). The correspondingly lower variability in irradiance could
furthermore decrease the costs for photoacclimation (Arrigo et al 2010, Publication III ).
These changes in capacity and cost of photoacclimation may compensate for the likely higher
susceptibility towards photoinhibition under OA (McCarthy et al. 2012, Publication III ).
Under these conditions, phytoplankton may even benefit from lowered metabolic costs for
carbon acquisition, causing primary production to increase under OA (Tortell et al. 2008a,
Publication II ). Under iron-replete conditions, as they occur in coastal areas, OA induced
taxonomic shift towards strongly silicified diatom species, which are more efficient vectors
for carbon export (Publication II, Figure 7.4 B). Alderkamp et al. (2012) suggested that
the relative contribution of diatoms to the total phytoplankton biomass may increase with
a future shoaling of the MLD, representing another positive feedback on export production.
In conclusion, while there may be substantial potential for the proposed ’CO2 fertilisation’
of primary and export production in land-influenced coastal waters, this is unlikely for the
most parts of the land-remote regions of the SO (Figure 7.4 B).
7.6 Perspectives for future research
As this thesis investigated several aspects and levels of OA effects on SO phytoplankton,
also the emerging gaps in knowledge and further research directions are plentiful. On the
level of scientific attainment, the implications of unknown or high uncertainties of predictions
have been discussed above. For experiments, all different levels of uncertainties should be
investigated in order to assign an overall (un)certainty of scientific findings (e.g. as done in
the IPCC reports). For example, to better estimate the uncertainties in carbonate chemistry
calculations described in Publication I, an inter-laboratory comparison of TA, DIC and pH
measurements of ambient and high pCO2 samples has been initiated in cooperation with
Prof. Andrew Dickson and his co-workers from Scripps Institution (USA).
With respect to the modulation of OA effects by key environmental variables
(Publication II and III ), further research is necessary to predict SO phytoplankton responses
with higher confidence. Most importantly, the interactive effects of OA, iron limitation and
dynamic light should be investigated further (cf. Feng et al. 2010). To date, scientific insights
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into these interactions are often hindered by the need for highly sophisticated experimental
setup, which is the reason why data is scarce. In addition, the impact of different iron sources
and their bioavailabilities under decreasing seawater pH should be investigated. A successful
projection of future SO phytoplankton responses will also depend on our abilities to estimate
and predict changes in the different iron input modi (Boyd & Ellwood 2010).
The effects of different frequencies and amplitudes of dynamic light field should also
have a high research priority. If OA responses are put into the context of photosystem repair,
D1 protein turnover and associated metabolic costs, a process-based understanding of the
interactions between OA and dynamic light can be gained. There is more and more evidence
that increasing pCO2 levels lead to changes in the balance between light and dark reactions
of photosynthesis (Kranz et al. 2010, Rokitta & Rost 2012, Publication III ) as well as carbon
and energy fluxes in phytoplankton cells (Rokitta et al. 2012, Beszteri et al. in prep). To
understand these interactions, thorough investigations of small-scale processes such as the up-
or down-regulation of metabolic pathways via gene expression studies (i.e. transcriptomics)
and subsequent metabolite composition (i.e. metabolomics) are needed (Fiehn 2002). For
example, the composition and turnover of photosystems as well as storage compounds (e.g.
fatty acid composition) could be particularly helpful for understanding the fluxes of energy
and carbon under multiple stressors.
An increased understanding of OA effects on different levels of complexity is required for
the mathematical modelling of cells, ecosystem dynamics and global elemental fluxes (Follows
et al. 2007). Even though this thesis investigated the combined effects of pCO2, iron and
light dynamics on various temporal and spatial scales, some levels are obviously missing (e.g.
intraspecific plasticity, potential for adaptation, interactions with higher trophic levels). In
order to better relate the responses from different temporal and spatial scales to each other,
field observations should be linked to perturbation experiments with natural communities
as well as in-depth physiological approaches of single species in a systematic way. In this
context, it could be useful to investigate development of a phytoplankton bloom in-situ in
concert with bottle incubations to disentangle the effects of different drivers (e.g. iron, light)
as well as their modulation by OA. In subsequent laboratory studies on isolated strains from
the different manipulations, intra- and interspecific variability as well as their physiological
plasticity could be investigated. In such an experimental framework, the specific traits of
an organism leading to competitive advantages could be identified (Litchman & Klausmeier
2008). This may allow for an understanding of the relative importance of key traits (e.g.
efficiency of iron or carbon acquisition) and the trade-offs between them. Such a holistic
approach could help to understand the current and future relationships between ecosystem
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structure (e.g. species composition and diversity) and functioning (e.g. primary and export
production).
7.7 Conclusions
In this thesis, the general importance as well as the underlying mechanisms of interactions
between increasing pCO2, light and iron availability have been identified, with the conclusion
that there is no such thing as ’the OA effect’. Even when specifying the organism or region
of interest, the manifestation of OA effects strongly depends on the abiotic environmental
settings, influencing energization or resource availability, as well as biotic interactions with
competitors and grazers. These interdependencies may help to explain the often seemingly
contradicting results from an increasing volume of scientific literature that is concerned with
OA. With increasing understanding of the effects of multiple drivers on marine ecophysiology
and biogeochemistry, predictions can be developed with higher confidence.
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With respect to their sensitivity to ocean acidification, calcifiers such as the coccolithophore Emiliania huxleyi
have received special attention, as the process of calcification seems to be particularly sensitive to changes in
the marine carbonate system. For E. huxleyi, apparently conflicting results regarding its sensitivity to ocean
acidification have been published (Iglesias-Rodriguez et al., 2008a; Riebesell et al., 2000). As possible causes
for discrepancies, intra-specific variability and different effects of CO2 manipulation methods, i.e. the
manipulation of total alkalinity (TA) or total dissolved inorganic carbon (DIC), have been discussed. While
Langer et al. (2009) demonstrate a high degree of intra-specific variability between strains of E. huxleyi, the
question whether different CO2 manipulation methods influence the cellular responses has not been resolved
yet. In this study, closed TA as well as open and closed DIC manipulation methods were compared with
respect to E. huxleyi's CO2-dependence in growth rate, POC- and PIC-production. The differences in the
carbonate chemistry between TA and DIC manipulations were shown not to cause any differences in response
patterns, while the latter differed between open and closed DIC manipulation. The two strains investigated
showed different sensitivities to acidification of seawater, RCC1256 being more negatively affected in growth
rates and PIC production than NZEH.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Since the industrial revolution, anthropogenic activities such as
the burning of fossil fuels or changes in land use have increased
atmospheric pCO2 values from about 280 μatm to 385 μatm (Lüthi
et al., 2008; Tans, 2009). About one third of the emitted CO2 has
already been taken up by the oceans, leading to increased DIC
concentrations in surface waters (Wolf-Gladrow et al., 1999). The
subsequent changes in speciation, such as increased CO2 concentra-
tions [CO2] and decreased CO32- concentrations [CO32-], lead to
decreasing oceanic pH values (Broecker et al., 1971). This process,
commonly referred to as ocean acidification, has diverse effects on
marine organisms, communities and ecosystems (e.g. Bijma et al.,
1999; Kleypas et al., 1999; Raven et al., 2005; Tortell et al., 2002).
There have been several studies investigating ocean acidification
effects on phytoplankton on the single species and community level
(for review see Fabry et al., 2008; Rost et al., 2008). CO2 perturbation
experiments are the prime tools to mimic future CO2 scenarios and to
study organism responses. These experiments can be conducted by i)
equilibrating with air of a certain pCO2, ii) the addition of NaHCO3,
Na2CO3, or iii) the addition of a strong acid or base (Riebesell et al.,
2010). In any of these perturbations, the seawater carbonate system
will react by increasing or decreasing the relative proportions of the
carbonate species or the DIC concentration according to its new
equilibrium state. The most common perturbation methods, leading
to very similar speciation with regard to pH, [CO2], [CO32-] and ΩCa
(calcite saturation state), are the manipulation of dissolved inorganic
carbon (DIC) by aeration with a certain pCO2 (while keeping total
alkalinity (TA) constant) and manipulation of the TA by the addition
of HCl or NaOH (while DIC stays constant). DIC manipulations reflect
current changes in the marine carbonate chemistry. Even though TA
perturbations differ regarding the quantity manipulated, they mimic
the carbonate speciation as occurring during ocean acidification quite
closely (Schulz et al., 2009).
With regard to climate change and its effects on the world's
oceans, calcifying organisms are of major importance. Coccolitho-
phores are considered to account for a significant fraction of the
pelagic biogenic carbonate precipitation (Baumann et al., 2004;
Milliman, 1993) and are mainly responsible for creating and
maintaining the oceans vertical gradient in total alkalinity (Wolf-
Gladrow et al., 1999). This group of marine calcifying phytoplankton
has received special attention within the framework of ocean
acidification research as they were shown to exhibit distinct
sensitivity to elevated pCO2 values (Fabry et al., 2008; Rost et al.,
2008). Riebesell et al. (2000) reported a reduction in calcification in
the most prominent coccolithophore Emiliania huxleyi under future
CO2 scenarios. Since then, several studies have confirmed the
sensitivity of this species to acidification (Delille et al., 2005; Feng
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et al., 2008; Langer et al., 2009; Sciandra et al., 2003). Thesefindings
have recently been chalenged byIglesias-Rodriguez et al. (2008a),
who observed enhanced calcification under elevated pCO2 in
E. huxleyi. The authors attributed these striking diferences to the
application of diferent manipulation methods. As the TA manipula-
tion used inRiebesel et al. (2000)do not mimic future scenarios as
closely as DIC manipulations,Iglesias-Rodriguez et al. (2008a, 2008b)
claimed that their results represent more realistic responses of
E. huxleyito ocean acidification.
As two diferent strains were used in these studies (PLYB92/11 in
Riebesel et al., 2000; NZEH inIglesias-Rodriguez et al., 2008a), intra-
specific variability betweenE. huxleyistrains may have also caused
diferences in the response patterns. Intra-specific variability has been
shown to lead to diferent responses for four strains ofE. huxleyi
(Langer et al., 2009). The strains used inLanger et al. (2009), however,
neither included the one used byRiebesel et al. (2000)nor the one
used byIglesias-Rodriguez et al. (2008a). Therefore, thefindings by
Langer et al. (2009)are suggestive but not unambiguous with regard
to the discrepancy betweenRiebesel et al. (2000) and Iglesias-
Rodriguez et al. (2008a).Shi et al. (2009)compared responses of one
E. huxleyistrain (NZEH) in growth, POC and PIC quota and production
from closed TA and open DIC manipulations. Even though the cels
were responding diferently in the two manipulations, it remains
unclear whether this was due to differences in the carbonate
chemistry or mechanical efects of gas bubbling, occurring in the
open DIC manipulation only.
As the reasons for diferences betweenRiebesel et al. (2000) and
Iglesias-Rodriguez et al. (2008a)are stil unresolved, the aim of this
study was to compare the efects of diferent CO2manipulation
methods. To this end, the responses of two strains of E. huxleyito
changing carbonate chemistry were investigated in three diferent
manipulation approaches. First, ecophysiological responses to TA (as
applied byRiebesel et al., 2000) and DIC manipulations (as applied by
Iglesias-Rodriguez et al., 2000a) were compared. Additionaly, to
further investigate the differences between TA and open DIC
manipulations as found byShi et al. (2009), the efect of mechanical
perturbation was examined by comparing closed pre-equilibrated
with open continuously aerated DIC manipulated incubations.
2. Material and methods
2.1. Cultures and media preparation
Monoclonal cultures of two strains of the coccolithophoreE. huxleyi
(NZEH / PLY M219, isolated near New Zealand, supplied by the
Plymouth Culture Colection,http://www.mba.ac.uk/culturecolection.
php; RCC1256, isolated near Iceland, supplied by the Roscof Culture
Colection,http://www.sb-roscof.fr/Phyto/RCC) were grown in 0.1μm
sterile-filtered North Sea seawater. The salinity was 32.38 (Guildline
Autosal 8400B salinometer, Ontario, Canada).
The seawater was enriched with vitamins and trace metals
according to f/2 media (Guilard and Ryther, 1962; except for iron
which was added in a concentration of 1.94μmol L 1FeCl3). Seawater
was also enriched with nitrate (NO3-) and phosphate (HPO42-) to yield
concentrations of 100 and 6μmol L 1, respectively. Nutrient concen-
trations were measured colorimetricaly using a continuousflow
analyzer (Evolution II, Aliance Instruments, Salzburg, Austria).
Dilute-batch cultures were grown in 2 L borosilicate bottles at
15 ± 0.2 °C. Daylight lamps (Lumilux De Luxe T8, Osram, München,
Germany) provided light intensities of 170 ± 15μmol photons
m 2s1 as measured with a Li-Cor datalogger (Li-Cor, Lincoln,
USA) equipped with a 4π-sensor (Walz, Efeltrich, Germany). A light:
dark cycle of 16:8 h was applied and al samples were taken between
6 and 10 hours after the beginning of the light phase.
In order to keep cultures in exponential growth phase and to
prevent significant changes in carbonate chemistry as wel as attrition
of nutrients in the media, cultures were diluted regularly (cel
densities never exceeded 72,000 cels mL 1). Cultures were kept at
experimental temperatures, light intensities and cel densities for at
least two weeks, folowed by another week being pre-acclimated to
experimentalpCO2levels (5–7 generations).
2.2. CO2perturbation experiments
Diferent CO2manipulation methods (closed TA, closed and open
DIC manipulation) were applied to test ecophysiological responses to
diferent CO2concentrations. In the alkalinity manipulations, carbon-
ate chemistry was adjusted by addition of calculated amounts of HCl
or NaOH (1 N Titrisol, Merck, Darmstadt, Germany) to seawater for
which DIC concentrations were known. The manipulated media were
stored in 2 L borosilicate bottles, which were sealed immediately with
Teflon-lined screw caps without head space to avoid CO2exchange
with the atmosphere.
DIC manipulations and incubations were conducted in 2 L
borosilicate bottles equipped with glass frits for aeration. The media
were sparged continuously with humidified, 0.2μm-filtered air of
diferent partial pressures of CO2(180, 380, 750 and 1000μatm). Gas
flow rates were 130 ± 10 mL min 1. Gas mixtures were generated
using a custom-made gasflow controler. CO2-free air (b1 ppmv CO2;
Dominick Hunter, Wilich, Germany) was mixed with pure CO2(Air
Liquide Deutschland, Düsseldorf, Germany) by a massflow controler
based system (CGM 2000 MCZ Umwelttechnik, Bad Nauheim,
Germany). The CO2concentration was regularly controled with a
non-dispersive infrared analyzer system (LI6252, LI-COR Biosciences,
Bad Homburg, Germany) calibrated with CO2-free air and purchased
gas mixtures of 150 ± 10 and 1000 ± 20 ppmv CO2 (Air Liquide
Deutschland, Düsseldorf, Germany). Experiments were started after
48 h of aeration in order to ensure equilibration. Bottles of the closed
DIC treatments were sealed without head space with Teflon-lined
screw caps. A roler table was used to keep the cels in suspension.
Bottles of the open DIC treatments (only applied to strain NZEH) were
sparged continuously with the respective gases over the duration of
the experiment. Sedimentation of cels was minimised by aeration
and shaking of bottles twice a day.
2.3. Determination of carbonate chemistry
Samples for TA measurements were 0.6μm-filtered and stored in
150 mL borosilicate bottles at 3 °C. TA was determined by duplicate
potentiometric titrations (Brewer et al., 1986) using a TitroLine alpha
plus autosampler (Schott Instruments, Mainz, Germany), and calcu-
lation from linear Gran plots (Gran, 1952). Certified Reference
Materials (CRMs, Batch No. 54) supplied by A. Dickson (Scripps
Institution of Oceanography, USA) were used to correct the measure-
ments. The average reproducibility was ±5μmol kg 1(n = 10).
DIC samples were filtered through 0.2μm celulose-acetate
syringe-filters and stored head-space free in 5 mL gas-tight borosil-
icate bottles at 3 °C. DIC was measured colorimetricaly in triplicates
with a QuaAAtro autoanalyzer (Seal Analytical, Mequon, USA) with an
average reproducibility of ± 5μmol kg 1 (n = 20). CRMs (Batch
No. 54) were used to correct the measurements. Shifts in DIC
concentrations due to CO2exchange were prevented by opening the
storage vials less than one minute prior to each measurement.
Seawater pH was determined potentiometricaly on the NBS scale
using a glass electrode/reference electrode cel (Schott Instruments,
Mainz, Germany), which included a temperature sensor and was two-
point calibrated with NBS bufers prior to every set of measurements.
Average repeatability was found to be ±0.02 pH units (n = 30).
Calculations of the carbonate system were based on measure-
ments of DIC, pH, temperature, salinity und nutrient concentrations.
They were performed with the programme CO2sys (Pierrot et al.,
2006). The dissociation constants of carbonic acid ofMehrbach et al.
55C.J.M. Hoppe et al. / Journal of Experimental Marine Biology and Ecology 406 (2011) 54–62
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(1973),refitbyDickson and Milero (1987)and the dissociation
constants for H2SO4ofDickson (1990)were used for calculations.
2.4. Ecophysiological responses
Cel densities were determined using a Coulter Multisizer II
(Beckman-Coulter, Fulerton, USA). Growth rates (μ) were calculated
as:
μ=lnc1 ln c0ð ÞΔt1 ð1Þ
where c0and c1are the initial and thefinal cel counts in cels mL 1,
respectively, andΔt is the time between both counts in days.
For analysis of total particulate carbon (TPC) and particulate
organic carbon (POC), cels werefiltered onto precombusted (15 h,
500 °C) glassfibrefilters (GF/F 0.6μm nominal pore size; Whatman,
Maidstone, UK) within 7 to 9 h after onset of light phase. Filters were
stored at 20 °C and dried for at least 12 h at 60 °C prior to sample
preparation. Analysis was performed using an Automated Nitrogen
Carbon Analyser mass spectrometer system (ANCA-SL 20–20, SerCon
Ltd., Crewe, UK). Contents of TPC and POC were corrected for blank
measurements and normalised tofiltered volume and cel densities of
culture media to yield celular quotas. Particulate inorganic carbon
contents (PIC) were calculated as the diference in carbon content
between TPC and POC. The production of particulate organic carbon
(PPOC) and the production of particulate inorganic carbon (PPIC) were
calculated as:
PPOC= μPOC cel 1 ð2Þ
PPIC= μPIC cel 1 ð3Þ
where the production rates are given in pg POC cel 1d 1and pg PIC
cel 1d 1, respectively.
2.5. Statistics
Significant responses were determined by analysis of covariances
of the trend in response variables over thepCO2range tested, which
were based on univariate general linear models performed with SPSS
11 (IBM, Chicago, USA). The nul hypothesis (‘no diference in
responses’) was rejected if the respective p-value wasb0.05.
3. Results
3.1. Carbonate chemistry
In the diferent manipulation methods, thefinalpCO2values ranged
between 153 and 1283μatm (Table 1). In the DIC manipulation (i.e.
aeration of the media with air of a certainpCO2), TA stayed quasi-
constant at values of 2325 ± 27μmol kg 1while DIC varied between
1922 ± 17μmol kg 1at the lowest and 2184± 26μmol kg 1at the
highestpCO2treatment. In the TA manipulation (i.e. addition of HCl
or NaOH), DIC stayed quasi-constant at values of 2080 ± 21μmol
kg 1while TA varied between 2541 ± 64μmol kg 1at the lowest and
2198 ± 41μmol kg 1at the highestpCO2treatment. Lowest calcite
saturation state was 1.33. DIC and TA depletion by the cels over the
course of the experiment were on average 3% and 4% for TA and DIC,
respectively.
3.2. Ecophysiological responses to carbonate chemistry manipulations
BothE. huxleyistrains used in this study responded in growth rate
and the production of POC and PIC to changes inpCO2. The response
patterns found did not difer noteworthy between TA and closed DIC
manipulation (Table 2). Diferences in response patterns were,
however, observed between the two DIC manipulations (open vs.
closed). In the folowing, responses in growth rates, PIC and POC quota
and production are described for the two strains RCC1256 and NZEH.
The growth rates of strain RCC1256 showed virtualy the same
response to increasingpCO2in DIC and TA manipulations (Table 2,
Fig. 1a). In both manipulations, growth rates stayed constant at about
1.2 d 1up to apCO2value of ~ 800μatm and declined statisticaly
significant (i.e. pb0.05) beyond 800μatm to values of about 1.1 d 1
(F = 18.02, pb0.001). With respect to POC quota and POC production,
RCC1256 responded diferently to closed DIC and TA manipulation
(F = 11.27, p = 0.004 and F = 5.97, p = 0.025, respectively). With
respect to increasingpCO2levels, POC quota (Table 2,Fig. 1c) did not
change in the closed DIC treatment, while a statisticaly insignificant
increase (~30%) was observed in the TA manipulations. While POC
production (Table 2,Fig. 1d) did not change substantialy in the TA
manipulations, a slight yet statisticaly insignificant decrease (~10%)
was observed in the closed DIC manipulations.
With regard to PIC quota and production, no diferences were
found between the two manipulation methods. PIC quota (Table 2,
Fig. 1e) decreased significantly by about 30% over thepCO2range
Table 1
Measured and calculated carbonate chemistry parameters of the media at 15 °C at the end of al experiments (n = 3). FolowingHoppe et al. (2010), DIC and pH were used as input
parameters for calculations. Numbers in bold characters denote the manipulated parameter.
Strain Experiment Measured Calculated
TA [μmol kg 1] DIC [μmol kg 1] pH (NBS) pCO2[μatm] CO2[μmol kg 1] HCO3-[μmol kg 1] CO32-[μmol kg 1] ΩCa
RCC1256 TA manipulation 2508 ± 82 2114 ± 10 8.32 ± 0.03 288 ± 20 11 ± 1 1882 ± 19 221 ± 11 5.38 ± 0.26
closed 2299 ± 18 2097 ± 9 7.97 ± 0.05 672 ± 89 26 ± 3 1967 ± 17 104 ± 11 2.54 ± 0.27
2173 ± 17 2063 ± 7 7.82 ± 0.01 946 ± 10 36 ± 0 1955 ± 6 73 ± 1 1.76 ± 0.03
2160 ± 7 2082 ± 6 7.72 ± 0.01 1206 ± 30 46 ± 1 1978 ± 6 58 ± 2 1.42 ± 0.04
DIC manipulation 2349 ± 7 1940 ± 11 8.44 ± 0.01 191 ± 3 7 ± 0 1670 ± 11 263 ± 3 6.38 ± 0.07
closed 2344 ± 8 2058 ± 5 8.20 ± 0.02 379 ± 14 14 ± 1 1876 ± 2 167 ± 6 4.06 ± 0.14
2316 ± 7 2123 ± 7 7.98 ± 0.01 656 ± 10 25 ± 0 1989 ± 7 108 ± 1 2.64 ± 0.03
2342 ± 13 2156 ± 8 7.88 ± 0.01 846 ± 24 32 ± 1 2036 ± 8 88 ± 2 2.14 ± 0.05
NZEH TA manipulation 2573 ± 19 2089 ± 6 8.40 ± 0.01 232 ± 3 9 ± 0 1823 ± 5 257 ± 3 6.26 ± 0.08
closed 2366 ± 15 2070 ± 13 8.21 ± 0.03 369 ± 27 14 ± 1 1883 ± 20 173 ± 9 4.21 ± 0.21
2257 ± 1 2046 ± 8 7.95 ± 0.03 680 ± 45 26 ± 2 1923 ± 4 98 ± 7 2.38 ± 0.16
2236 ± 1 2081 ± 7 7.73 ± 0.06 1175 ± 157 45 ± 6 1976 ± 5 60 ± 9 1.47 ± 0.21
DIC manipulation 2312 ± 17 1912 ± 12 8.14 ± 0.01 404 ± 7 15 ± 0 1759 ± 8 138 ± 4 3.34 ± 0.09
closed 2276 ± 14 2025 ± 30 7.95 ± 0.02 673 ± 31 26 ± 1 1903 ± 30 97 ± 3 2.35 ± 0.07
2295 ± 3 2118 ± 2 7.82 ± 0.03 957 ± 57 36 ± 2 2006 ± 4 76 ± 4 1.84 ± 0.10
2311 ± 3 2184 ± 21 7.79 ± 0.01 1066 ± 28 40 ± 1 2071 ± 20 72 ± 2 1.76 ± 0.04
DIC manipulation 2351 ± 8 1913 ± 12 8.51 ± 0.01 157 ± 3 6 ± 0 1610 ± 13 297 ± 3 7.23 ± 0.07
open 2322 ± 7 2051 ± 2 8.24 ± 0.02 336 ± 18 13 ± 1 1854 ± 7 184 ± 8 4.47 ± 0.20
2361 ± 3 2211 ± 2 7.86 ± 0.02 909 ± 45 35 ± 2 2090 ± 2 86 ± 4 2.10 ± 0.10
56 C.J.M. Hoppe et al. / Journal of Experimental Marine Biology and Ecology 406 (2011) 54–62
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tested in both manipulation methods applied (F = 47.18, pb0.001).
Furthermore, PIC production (Table 2;Fig. 1f) decreased significantly
in both manipulation methods by about 35–40% between 200 and
1200μatmpCO2(F = 58.30, pb0.001). The PIC:POC ratios (Table 2,
Fig. 1b) decreased significantly with increasingpCO2by approxi-
mately 40% and 20% in TA and DIC manipulations, respectively
(F = 43.21, pb0.001). Absolute values and slopes difered significantly
between the two kinds of manipulations (F = 11.17, p = 0.004).
The strain NZEH did not show any growth rate response to changes
inpCO2, neither in the TA manipulations nor in the closed DIC
manipulations (Table 2,Fig. 2a). Average growth rate was 1.21 ±
0.03 d 1. In the open DIC manipulations, however, growth rates were
about 10–14% lower (leading to significant diferences between the
two DIC manipulations; F = 18.53, pb0.001). In these manipulations,
cels could not be held in suspension and sedimentation occurred
below the gas frits. The POC quotas (Table 2,Fig. 2c) difered between
the three manipulation methods (highest quota was found in the
closed DIC manipulation and lowest in the open DIC manipulations,
which significantly difered from the other treatments; F = 10.08,
p = 0.006). The overal trend in al manipulations was a smal, yet
significant increase of about 10% in the range between 160 and
1200μatm (F = 9.57, p = 0.006). POC production (Table 2,Fig. 2d)
stayed more or less constant in TA manipulations, while in the closed
DIC manipulations, POC production increased by about 10% below
600μatm (F = 8.59, p = 0.009) and remained unafected above this
pCO2 level. The pattern found in the open DIC manipulation
significantly differed from those of the closed manipulations
(F = 31.41, pb0.001), with increased values of about 25% (F = 8.59,
p = 0.009).
The PIC quotas (Table 2,Fig. 2e) difered between the manipula-
tion methods (F = 6.09, p = 0.023), but showed the same significant
trend of slightly decreasing values (F = 11.24, p = 0.009). PIC
production (Table 2,Fig. 2f) decreased by about 30% with increasing
pCO2(F = 9.63, p = 0.007) in both TA and closed DIC manipulations,
while an optimum curve with maximum values at ~ 340μatm was
observed in the case of open DIC manipulations (F = 24.12, pb0.001).
The PIC:POC ratio (Table 2,Fig. 2b) was generaly higher than that of
RCC1256 and was found to decrease significantly from about 1.1 at
low to 0.8 at highpCO2in al manipulation methods (15–20%;
F = 14.04, p = 0.001).
4. Discussion
Diferences in carbonate chemistry speciation between DIC and TA
manipulation have been argued to be the reason for diferent
ecophysiological responses ofE. huxleyito changingpCO2(Iglesias-
Rodriguez et al., 2008a, 2008b). Other authors held diferences in
experimental protocols (Riebesel et al., 2008) or the intraspecific
variability betweenE. huxleyistrains (Langer et al., 2009) responsible
for these diferences.Shi et al. (2009)found strain NZEH responding
diferently to TA manipulation and open DIC manipulation and argued
that these diferences are likely to be due to the mechanical efect of
bubbling rather than to diferences in carbon speciation.
4.1. Comparison of diferent manipulation methods
This study was able to show that the diferences in the carbonate
chemistry of the two manipulation methods (changing DIC with
constant TA vs. changing TA with constant DIC) had no substantialy
diferent efect on the overal ecophysiology of two strains ofE. huxleyi
(Table 2,Figs. 1 and 2). Compared to the diferent responses between
open and closed DIC manipulations, in which the carbonate chemistry
did not difer, the diferences between TA and DIC manipulation are
negligible and probably due to variability in the organisms overal
sensitivity.
The diferences in the response patterns between open and closed
DIC manipulations were probably caused by the mechanical efect of
bubbling and/or the efect of sedimentation of cels in the open DIC
manipulations. In the closed DIC manipulations cels were always kept
in suspension by steady and gentle rotation of the cultureflasks. In the
open DIC manipulations, the aeration process established areas of low
currents, where cels could sediment. In such cel congregations,
changes in nutrient and light availability as wel as carbonate
chemistry may occur and influence the physiology ofE. huxleyi.
Diferences in ecophysiological responses to increasingpCO2in this
treatment could, however, also be caused by a sensitivity ofE. huxleyi
to stress imposed by bubbling (cf.Merchuk, 1991). The latter
explanation was put forward byShi et al. (2009), who reported
reverse trends in POC and PIC production in TA and open DIC
manipulations.
Table 2
Ecophysiological responses ofE. huxleyistrains RCC1256 and NZEH to changingpCO2as found under TA, open DIC and closed DIC manipulations. a: significant (pb0.05) responses to
pCO2; b: significant (pb0.05) diferences between TA and closed DIC manipulation; c: significant (pb0.05) diferences between open and closed DIC manipulation.
Strain Experiment pCO2 μ[d1] POC [pg cel 1] PPOC[pg cel 1d 1] PIC [pg cel 1] PPIC[pg cel 1d 1] PIC : POC
a b  b  a  a  a,b
RCC1256 TA manipulation 288 1.19 ± 0.03 10.35 ± 0.19 12.36 ± 0.22 10.19 ± 1.09 12.14 ± 0.85 0.98 ± 0.09
closed 672 1.17 ± 0.03 12.39 ± 0.30 14.76 ± 0.18 8.86 ± 0.21 10.55 ± 0.38 0.72 ± 0.03
946 1.10 ± 0.04 11.29 ± 0.71 12.42 ± 0.29 6.72 ± 0.00 7.19 ± 0.00 0.57 ± 0.00
1206 1.06 ± 0.02 13.07 ± 0.93 13.82 ± 0.89 7.17 ± 0.42 7.59 ± 0.41 0.55 ± 0.06
a b  b  a  a  a
DIC manipulation 191 1.17 ± 0.01 13.22 ± 1.10 15.41 ± 1.26 10.25 ± 0.30 11.95 ± 0.40 0.78 ± 0.08
closed 379 1.17 ± 0.03 12.16 ± 0.18 14.27 ± 0.54 9.95 ± 0.60 11.68 ± 0.86 0.82 ± 0.05
656 1.18 ± 0.04 11.93 ± 0.96 14.08 ± 1.22 8.48 ± 0.30 10.02 ± 0.64 0.71 ± 0.05
846 1.10 ± 0.05 12.18 ± 0.97 13.46 ± 1.65 8.39 ± 0.99 9.28 ± 1.45 0.69 ± 0.03
a a, b a a
NZEH TA manipulation 232 1.21 ± 0.07 9.90 ± 1.52 11.89 ± 1.19 10.97 ± 1.97 13.35 ± 3.16 1.15 ± 0.37
closed 369 1.22 ± 0.04 10.35 ± 0.69 12.60 ± 1.18 10.78 ± 0.76 13.13 ± 1.30 1.04 ± 0.01
680 1.22 ± 0.06 11.26 ± 0.88 13.67 ± 0.88 9.98 ± 0.77 12.11 ± 0.71 0.89 ± 0.01
1175 1.18 ± 0.03 10.97 ± 0.41 12.93 ± 0.19 9.34 ± 0.68 10.99 ± 0.54 0.85 ± 0.03
c a, c a, c a, b, c a, c a
DIC manipulation 404 1.22 ± 0.02 11.51 ± 0.29 14.03 ± 0.38 13.44 ± 2.88 14.42 ± 1.51 1.17 ± 0.28
closed 673 1.25 ± 0.02 12.30 ± 0.20 15.33 ± 0.13 11.01 ± 0.93 13.74 ± 1.41 0.90 ± 0.09
957 1.19 ± 0.04 12.22 ± 0.44 14.55 ± 0.80 10.71 ± 0.32 12.75 ± 0.74 0.88 ± 0.02
1066 1.16 ± 0.06 13.35 ± 0.79 15.46 ± 1.66 10.28 ± 0.47 11.09 ± 0.96 0.77 ± 0.06
c a, c a, c a, c a, c a
DIC manipulation 157 0.99 ± 0.12 8.57 ± 1.28 8.41 ± 0.87 8.92 ± 1.71 8.71 ± 0.83 1.04 ± 0.06
open 336 1.08 ± 0.02 8.96 ± 0.46 9.68 ± 0.57 9.49 ± 0.51 10.25 ± 0.61 1.06 ± 0.10
909 1.09 ± 0.04 9.73 ± 0.40 10.56 ± 0.48 7.37 ± 0.61 8.01 ± 0.79 0.76 ± 0.09
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The finding that differences in carbonate chemistry between DIC
and TA manipulations do not cause changes in the ecophysiological
response patterns is in agreement with other observations. Studies on
coral recruitment and growth (Cohen and McCorkle, 2009; Schneider
and Erez, 2006) obtained similar responses irrespective of the pCO2
manipulationmethod applied. Our findings are in linewith theoretical
considerations raised by other authors (Hurd et al., 2009; Schulz et al.,
2009), who argued that over the pCO2 range tested, the physiological
important components of the carbonate system ([H+], CO32-, HCO3- as
well as the calcite saturation state) do not differ significantly between
the two manipulation methods.
4.2. Strain-specific responses of RCC1256 and NZEH
Strain-specific responses to increasing pCO2 levels in E. huxleyi
have been shown by Langer et al. (2009). In the following, the results
for the two strains used in this study will be discussed with regard to
the comparability to other findings on the same strains.
The sensitivity of strain RCC1256 to changes in carbonate
chemistry seems to differ between studies. While Langer et al.
(2009) found growth rates to decrease by 35% between 200 and
900 μatm, a decline of less than 10% was found in this study. It has to
be noted, however, that the carbonate system in Langer et al. (2009)
was calculated from TA and DIC, which can lead to an underestimation
of pCO2 (Hoppe et al., 2010). If the pCO2 values are corrected for the
discrepancies related to that combination of input parameters, as
found for this particular set and quality of measurements, the same
changes in growth rates, POC and PIC production spread over a wider
pCO2 range from 200 to 1200 μatm. Differences in growth rate
responses of RCC1256 in the two studies now appear less pronounced.
Both PIC quota and production significantly decreasedwith increasing
pCO2 in this study (Table 2; Fig. 1e; 1f), while in Langer et al. (2009)
only production was found to decrease. In case of POC quota and
production of RCC1256, no responses to changing pCO2 levels were
found in this study, while Langer et al. (2009) reported increasing POC
quota and an optimum curve with a maximum at a (corrected) pCO2
of about 800 μatm in case of production. The PIC:POC ratio declined
with increasing pCO2 in both studies. Whether the mentioned
differences in responses between this study and Langer et al. (2009)
are due to the fact that different light intensities and temperatures
Fig. 1. Ecophysiological parameters of E. huxleyi strain RCC 1256 in response to changes in pCO2 as observed in TA manipulation (grey symbols) and closed DIC manipulations (black
symbols): A growth rates, B PIC:POC ratio, C POC quota, D POC production, E PIC quota, F PIC production.
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were used or simply reflect the natural variability in sensitivity of a
single strain remains to be tested. Even if the latter is the case, major
trends such as a decline or enhancement in physiological performance
seem to be persistent inE. huxleyi.
The strain NZEH responded with slightly increased POC and
slightly decreased PIC production under elevatedpCO2, while its
growth rates remained constant over thepCO2range tested (Table 2,
Fig. 2). These responses strikingly contradict the responses reported
byIglesias-Rodriguez et al. (2008a), who found the POC and PIC
production of NZEH to increase by 150% and 80%, respectively,
betweenpCO2values ranging from 280 to 750μatm. This particular
study, however, has been under debate because of shortcomings of its
experimental protocol (Iglesias-Rodriguez et al., 2008b; Riebesel
et al., 2008). As argued byRiebesel et al. (2008), the high cel
densities of the pre-acclimations (up to 500.000 cels mL 1) could
have led to major changes in nutrient availability and carbonate
chemistry. Furthermore, the actual experiments were run for 1 to 2
generations only. Even though physiological acclimation to changes in
carbonate chemistry seems to be rather fast for this species (Barcelos
e Ramos et al., 2009), a large proportion of the harvested biomass at
the end of the experiment (25–50%) was probably produced prior to
controled experimental conditions and therefore cannot be inter-
preted as responses to the defined changes inpCO2levels. Further
indications for the transfer of substantial biomass into the experiment
from non-controled pre-acclimations are the high numbers of
detached coccoliths (Iglesias-Rodriguez et al., 2008a). Up to 80
detached coccoliths per cel, as observed in the highpCO2treatment
(see theirTable 1), are a strong indication for nutrient limitation
having occurred. Another study on the same strain (Shi et al., 2009)
also found PIC and POC production to increase with increasingpCO2,
even though to a lesser extent of about 36% and 69%, respectively. In
Shi et al. (2009), cels were also not pre-acclimated, which could
explain the agreement withIglesias-Rodriguez et al. (2008a).
If these fundamental diferences in the experimental approach
were not the cause for the contradicting results, one would need to
assume that the strains ecophysiological responses changed due to
natural selection during long-term cultivation. Evolution in the lab
was shown for bacterial cultures (Imhof and Schlotterer, 2001), a
process that can be especialy important when the number of
transferred cels is low. Even though long-term cultivation of
Fig. 2.Ecophysiological parameters ofE. huxleyistrain NZEH in response to changes in pCO2as observed in TA manipulation (grey symbols), closed DIC manipulations (black
symbols) and open DIC manipulations (white symbols): A growth rates, B PIC:POC ratio, C POC quota, D POC production, E PIC quota, F PIC production.
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phytoplankton strains is likely to put selection pressure on the
population and to change its physiology compared to the ancestors in
the field, it seems unlikely that similar cultivation conditions in
culture collections lead to contrary ecophysiological responses as
discussed above. The observation that absolute PIC and POC quotas
and production vary between experiments, despite similar growth
conditions, questions the reproducibility in terms of absolute values
and numerically defined trends in ecophysiological studies. The
general response patterns (i.e. decreasing growth rates at high pCO2
values), however, seem to remain valid for a single strain and
highlight the advantage of semi-quantitative or qualitative analysis
when assessing the sensitivity of E. huxleyi (Fig. 3; cf. Fabry, 2008).
4.3. General response patterns of E. huxleyi
A noteworthy degree of intraspecific variability has been reported
for E. huxleyi with regard to morphology, physiology and genetics
(Iglesias-Rodríguez et al., 2006; Paasche, 2002; Young, 1994). Since
Langer et al. (2009) published their study on the responses of four
strains of E. huxleyi to changing carbonate chemistry, it is known that
this also holds true for its responses to ocean acidification.
Over the last decade, several studies investigated responses to
ocean acidification of eight different strains of E. huxleyi (Fig. 3). Most
of the strains' growth rates were not influenced by increasing pCO2.
Furthermore, in those cases where changes have been observed
(Iglesias-Rodriguez et al., 2008a; RCC1256 in: Langer et al., 2009;
RCC1256 in this study), growth rates always declined. The latter is a
strong hint that these cultures have been highly stressed, as E. huxleyi
is usually capable to keep cell division rates constant over a wide
range of conditions (Rost and Riebesell, 2004). More diverse re-
sponses have been found for the photosynthetic response in E. huxleyi.
While in four experiments POC production (Feng et al., 2008; Langer
et al., 2009; this study) did not change with increasing pCO2, in four
cases POC production increased (Iglesias-Rodriguez et al., 2008a;
Riebesell et al., 2000; Shi et al., 2009; this study), a decrease was found
in one study (Sciandra et al., 2003), and in two cases, strains showed
optimum curves as response patterns (Langer et al., 2009). In
summary, the CO2-dependent changes in photosynthesis are highly
variable and seem to differ between strains. With respect to PIC
production, most of the studies found declining rates with increasing
pCO2, while in two studies a strain increased its PIC production rate
(Iglesias-Rodriguez et al., 2008a; Shi et al., 2009) and one strain was
found to be insensitive (Langer et al., 2009).
The comparison of morpho- (A, B and R; cf. Young et al., 2003) and
ecotypes (oceanic vs. coastal strains) of all studies published so far
does not reveal any group-specific patterns in the sensitivity to ocean
acidification (Fig. 3; cf. Langer et al., 2009).With regard to the variable
response patterns of different E. huxleyi clones (this study, Langer
et al., 2009), it is at present merely possible to propose that this
variability has a genetic basis, without defining its nature (Iglesias-
Rodríguez et al., 2006; Langer et al., 2009). Taking all available data
into account and considering some problems in the experimental
setup of Iglesias-Rodriguez et al. (2008a) and Shi et al. (2009), the
calcification process of E. huxleyi can be regarded as, although to a
variable degree, sensitive to ocean acidification. It has to be kept in
mind, however, that as long as the function and the ecological as well
as evolutionary implications of coccolithophore calcification are
unknown, the consequences of changes in calcification rates cannot
be predicted with confidence. One fundamental question in this
context is whether the process or the product of calcification is
beneficial for the cell.
4.4. Implications for biogeochemical cycles
Similar trends were observed in several single-strain culture
experiments, mesocosm experiments and field studies (e.g. Delille
et al., 2005; Langer et al., 2009; Riebesell et al., 2000). Despite
uncertainties in absolute quota and numerically defined trends
obtained by these different ecophysiological studies, the same
patterns of constant or increasing POC production and constant or
declining PIC production were found in the majority of all studies
mentioned. The predicted changes in coccolithophore carbon fixation
and calcification have implications for future biogeochemical cycles,
even though carbon fluxes also depend on other factors such as
altered cellular elemental ratios and floristic shifts. Consequently,
Earth system models critically depend on the input of ecophysiolog-
ical responses of key functional groups such as marine calcifiers.
Based on the comparison of the data shown above, representative
responses in form of absolute quota and trends with a certain slope
appear oversimplified. Instead, uncertainties in the magnitude of
Fig. 3. Response patterns of E. huxleyi growth rates, POC production, PIC production and PIC:POC ratios as found in different studies. Subscript characters denotemorphotype (A, B, R);
superscript characters denote ecotype (C: coastal and O: oceanic). Modified after Fabry, 2008.
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calcification responses to ocean acidification remain and have to be
accounted for in global carbon models. As the parameterisation of
calcification in global carbon cycle models is based on the results of
experiments (Ridgwell et al., 2009), also the model predictions on
future impacts of anthropogenic CO2 emissions depend on the
reproducibility and transferability of laboratory studies. As modellers
base their parameterizations on different ecophysiological studies
(e.g. Gehlen et al., 2007; Hofmann and Schellnhuber, 2009), there is
no agreement in the estimates for the amount of anthropogenic CO2
taken up by the ocean due to the reduction in coccolithophore
calcification. Applying a “Eppely curve” behaviour (Eppely, 1972) to
the available data on biogenic calcification (cf. Fig. 3), Ridgwell et al.
(2009) suggested a progressively decreasing net community calcifi-
cation with increasing CO2 to be used for the parameterisation of
carbon cycle models. Further investigations of inter- and intraspecific
response-variability as well as community and ecosystem responses
to changing seawater carbonate chemistry will help understanding
and predicting the future fate of calcifying phytoplankton.
5. Conclusions
Differences between TA and DIC manipulations do not cause
differences in the ecophysiological responses of E. huxleyi to changing
pCO2 levels. Other differences in the experimental protocol (e.g.
continuous bubbling vs. pre-bubbled), however, can lead to changes
in growth rates and other ecophysiological parameters. Although
strain-specific differences and overall trends were confirmed, the
CO2- sensitivity within single strains of E. huxleyi seems to vary over
time. This favours the analysis of experimental data in a semi-
quantitative way, defining trends rather than numerical relationships.
After comparing the ecophysiological responses of all E. huxleyi strains
described in the literature, this species can be regarded as moderately
sensitive to ocean acidification.
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